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General Introduction 
 
Lithium-ion batteries have been applied to the state-of-the-art mobile devices 
as small-volume high-energy density batteries.   Lithium-ion batteries have been 
increased the energy densities by approximately three times since the batteries were 
launched in 1992 [1-5].   With increasing our concerns on environmental issues , 
lithium-ion batteries are expected to next high-power applications, such as electric 
vehicle and domestic/general industrial electric energy storage uses.   The uses 
suitable for lithium-ion batteries are illustrated in Fig. 1.    
In domestic/general industrial electric energy storage uses, the long life and 
low cost on Wh-basis are especially required.   In supplying the lithium-ion 
batteries to rising nations, price reduction is required.   Therefore, the development 
of the batteries with the “rough use tolerance”  is inevitably important in addition to 
the price reduction of the batteries.   In other words, the lithium-ion batteries 
without a sophisticated battery management system (BMS) [6] are desirable.    
A lead-acid battery is generally known as a low-cost rechargeable battery.   
The energy density of lead-acid battery, 60-80 Wh L
-1
, is lower than that of a lithium 
ion battery, 200-700 Wh L
-1
.   For the industrial uses, the lead-acid batteries (20- 
1000Ah) are mainly applied for storage in backup power supplies in cell phone 
towers, high-availability settings like hospitals, and stand-alone power systems.   
When it is applied to cycle use, such as electric energy storage system, and if the 
cycle life of 1500 cycles is assumed, the energy density is lower than 20 Wh L
-1
.   
Consequently, it becomes insufficient for a cost per Wh, i.e, 60 Yen Wh
-1
 against a 
target cost of 10 Yen Wh
-1
.   In an electric energy storage use, it is expected to 
undergo a charge and discharge cycle per day for 5 years, approximately 1500 cycles.    
The low energy density of the lead-acid battery in cycle use is due to the short cycle 
life.    
Generally, the lead-acid battery is used in a lower depth of discharge (DOD) in 
backup power supplies.   If the lead-acid battery is used for the charge-discharge 
cycling in wide DOD range, there is severe capacity fading.   When the lead-acid 
battery has remained in the discharged state for an extended period or has been 
subjected to repeated deep-discharges, there are sever “sulfation”, which is the  
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Fig. 1   Many fields to which lithium-ion battery is applied; Home storage system, 
electric vehicles, backup solution and more.  
 
 
degradation phenomena caused by hard crystallization of lead sulfate on the 
electrode surface reducing the active-electrode surface area.   The hard 
crystallization of lead sulfate has low solubility to electrolyte and does not recover 
to an initial state when it is once formed, which results in significant capacity loss.    
These clearly indicate that the lead-acid batteries should be used in restricted DOD 
as close as 0%, i.e, low-energy density batteries.    
As has been briefly described above, lead-acid batteries cannot be rough-use 
tolerance and long-life economical batteries.   The energy density of a 
rechargeable battery is determined by     
 
E × Qv   (1), 
 
In which E is battery voltage in V and Qv is volumetric specific capacity of the 
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battery in Ah L
-1
.   The volumetric specific capacity of the battery is theoretically 
calculated from an equation of (Qvp × Qvn)/(Qvp + Qvn), where Qvp is a volumetric 
specific capacity in Ah L
-1
 for a positive-electrode material and Qvn for a 
negative-electrode material. 
     As shown in Fig. 2, the voltage that is one of the factors to determine an 
energy density is determined by the potential difference between positive and 
negative electrodes.   Because the lithium-ion battery has a larger potential 
difference than other batteries system, i t becomes a high-energy density battery 
[7-9].   
 
 
Fig. 2   Relation between the potentials of some active materials with respect to 
standard hydrogen electrode (SHE) and the battery voltages.  
 
 
There are so many lithium insertion materials to be able to use for positive 
and/or negative electrodes.   The different combination of the materials gives 
different battery voltages, so that one can design operating voltage by selecting the 
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materials.   In addition to such a voltage factor, the specific capacity is another 
factor to determine the energy density of a battery.   The specific capacity is 
characteristic of a lithium insertion material.   Therefore, when the materials are 
selected for a certain purpose, the operating voltage and specific capacity must be 
considered.   Figure 3 shows the charge and discharge curves of several lithium 
insertion materials reported so far [7-9].   There are two main groups, i.e., 
positive- and negative-electrode materials.   Major positive-electrode materials are 
lithium aluminum manganese oxide (abbreviated LAMO; Li[Li0.1Al0.1Mn1.8]O4) [10], 
lithium cobalt oxide (LCO; LiCoO2) [11], lithium nickel cobalt manganese oxide 
(NCM; LiNi1/3Co1/3Mn1/3O2) [12-16], lithium aluminum nickel cobalt oxide (NCA; 
LiAl0.05Co0.15Ni0.8O2) [17-20], and lithium iron phosphate (LFP; LiFePO4) [21-22].   
Graphite [23] and lithium titanium oxide (LTO; Li[Li1/3Ti5/3]O4) [24] are major 
negative-electrode materials.  
 
 
Fig. 3   Potential profiles of some lithium insertion materials. The materials are 
examined in nonaqueous cells; (a) Li[Li0.1Al0.1Mn1.8]O4, (b) LiCoO2, (c) 
LiNi1/3Co1/3Mn1/3O2, (d) LiNi0.82Co0.15Al0.05O2, (e) LiFePO4, (f) Li[Li1/3Ti5/3]O4, and 
(g) graphite. 
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LAMO is a lithium-containing transition metal oxide having a 
spinel-framework structure.   The charge and discharge reaction of LAMO 
proceeds in a topotactic manner, i.e.,  
 
Li[Li0.1Al0.1Mn1.8]O4 → □0.6Li0.4[Li0.1Al0.1Mn1.8]O4 + 0.6Li
+ 
+ 0.6e
-
  (2), 
 
in which □ denotes a vacant octahedral site in a spinel-framework structure.   The 
operating voltage of LAMO is approximately 4.0 V against a lithium metal 
electrode. 
     LCO, NCM and NCA are lithium-containing transition metal oxides having 
layered structures.   The charge and discharge reactions of these materials also 
proceed in topotactic manners, i.e,  
 
LiCoO2 → □CoO2 + Li
+ 
+ e
-
   (3), 
 
LiNi1/3Co1/3Mn1/3O2 → □Ni1/3Co1/3Mn1/3O2 + Li
+ 
+ e
-
   (4),  
and 
LiNi0.80Co0.15Al0.05O2 → □0.95Li0.05Ni0.80Co0.15Al0.05O2 + 0.95Li
+ ＋  0.95e-   (5). 
 
The operating voltages of LCO, NCM, and NCA are 3.9, 3.85, and 3.8 V against a 
lithium metal electrode, respectively.  
     LFP is a lithium-containing transition metal phosphate having an olivine 
structure, which is closely related to a spinel structure.   The reaction proceeds in a 
topotactic manner, i.e.,   
 
LiFePO4 → □FePO4 + Li
+ 
+ e
-
   (6). 
 
The operating voltage of LPF is approximately 3.4 V vs. Li, which is the lowest 
value among the positive-electrode materials illustrated in Fig. 3.  
     LTO is a lithium-containing transition metal oxide having a spinel-framework 
structure.   The reaction of LTO proceeds in a topotactic manner without any 
change in lattice dimensions, so-called zero-strain insertion material, i.e.,  
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Li[Li1/3Ti5/3] + Li
+ 
+ e
-
  →  Li2[Li1/3Ti5/3]O4   (7).
 
 
The operating voltage is approximately 1.5 V vs. Li.   Graphite is well-known to be 
a layered structure.   The reaction proceeds in a topotactic manner with 
characteristic “staging” phenomena, i.e.,  
 
□C6 + Li
+ 
+ e
-
  →  LiC6   (8). 
 
The operating voltage of graphite is approximately 0.05 V vs. Li, which is the lowest 
operating voltage among the lithium insertion materials.  
     As seen in Fig. 3 together with equations (3) to (8), when a positive -electrode 
material is combined with a negative-electrode material in a cell without metallic 
lithium.   Lithium ions shuttle back and forth between negative and positive 
electrodes through an electrolyte during charge and discharge, which is called a 
lithium-ion (shuttlecock) battery.  
     In this thesis, recent high-capacity silicon or its alloys [25. 26] and a series of 
so-called conversion materials, such as CoO, FeF3, etc., are excluded as possible 
candidate materials for negative electrodes, because a long-life battery cannot be 
expected for “scrap-and-built” type reaction schemes resulting in large volume 
expansion and contraction during charge and discharge.    
As has been described above, it is evident that the energy density of a lithium 
ion battery is determined by the combination of lithium insertion materials.   For 
example, it is a combination of NCA and graphite to be used for the 3.2 -Ah 18650 
batteries, which is the highest nominal capacity at present.   NCA and graphite are 
the lithium insertion materials.   An NCA/graphite cell shows moderately high 
nominal voltage of 3.7 V, leading to the highest energy density among them.   The 
combination of LCO, NCM, or NCA and graphite gives the relatively larger capacity 
and higher voltage.   This is a reason why these lithium-ion batteries are generally 
used as power sources for mobile electronic devices including light weight laptop 
computers.    
On the other hand, such high-energy density lithium-ion batteries are far from  
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“rough use tolerance” and “long life”.    The batteries are precisely controlled by 
sophisticated battery management systems (BMS) [6] in order to operate the 
batteries safely with an appropriate service life.   Current high -energy density 
lithium-ion batteries consist of layered materials for both positive and negative 
electrodes, i.e., LCO, NCM or NCA for a positive electrode and graphite for a 
negative electrode.   When one wants to operate these layered materials for 
hundreds of charge-discharge cycles, the charge-end voltage must be regulated 
properly in order not to spoil the layered materials.  The regulation of the upper 
voltage against a lithium metal electrode corresponds to controlling the lithium -ion 
contents in the lithium insertion materials during operation.   Figure 4 shows the 
maximum rechargeable capacity, which can be used for lithium-ion batteries.   For 
NCA, LCO, and NCM, the rechargeable capacity is limited to 50 – 70% based on the 
theoretical capacity, which can be controlled by regulating the charge-end voltage to 
be 4.1 – 4.2 V vs. Li.   
 
Fig. 4   The composition range of lithium containing in positive-electrode and 
negative-electrode materials during charge and discharge.   
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     The determination of the upper voltage on charge for layered materials 
examined in lithium cells has long histories.   Figure 5 shows some examples on 
the charge and discharge of LiNi0.75Co0.25O2 having a layered structure examined in 
lithium cells [27].   When the charge-end voltage is raised from 4.2 to 4.5 V further 
to 4.8 V, the charge and discharge curves change in their shapes cycle by cycle, 
indicating that the lithium insertion material of LiNi0.75Co0.25O2 becomes inactive as 
clearly seen in Fig. 5.   This is due to the instability of a layer structure.   The 
present author has tried to stabilize LiNi0.75Co0.25O2 in terms of the solid solution of 
LiCoO2, LiNiO2, and LiAlO2 together with the solid-state redox reactions.   Some 
of trials have been succeeded, leading to current LiAl0.05Co0.15Ni0.8O2.   However, 
the regulation of the upper voltage of ca. 4.2 V vs. Li by precision BMC is inevitably 
necessary for the batteries to operate safe for a long time.     
     The above description concerns the positive electrodes for current high -energy 
density lithium-ion batteries.   A situation of the negative electrodes is  more 
complicated than that of the positive electrodes.   A negative electrode is usually 
graphite, which is very stable in contrast to the positive-electrode materials 
described above.   As seen in Fig. 3, the operating voltage of graphite is very close 
to a lithium electrode, so that metallic lithium easily deposits on the surface of a 
graphite-negative electrode.   The deposited lithium reacts with solvents and 
anions producing reaction products in a form of gas, liquid, or solid, and 
consequently the electrode becomes inactive, resulting in the rapid deterioration of 
cycle performance.   The deposited lithium metal is reactive and the dendritic 
lithium sometimes penetrates a separator, leading to an electrical short inside a 
battery.   This also initiates thermal instability or ignites a clock reaction leading 
to thermal runaway.   In order to prevent such a disaster, a specially designed 
microporous membrane is used in addition to precise BMS for current high -energy 
density lithium-ion batteries.       
     In Figs. 3 and 4, LAMO, LFP, and LTO are lithium insertion materials having 
the three-dimensional structures in contrast to the two-dimensional structures, i.e., 
layered structures [28].   Materials of LAMO and LFP are stable even when all the 
lithium ions are removed from a solid matrix.   Both materials show sharp change 
in voltage at the end of charge and discharge.   Therefore, precise voltage control  
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Fig. 5   Continuous charge and discharge curves of Li/LiNi0.75Co0.25O2 cells 
operated in voltages of (a) 2.5 – 4.2, (b) 2.5 – 4.5 and (c) 2.5 – 4.8 V at a rate of 0.17 
mA cm
-2
 at 30
 o
C. 
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on charge-end voltage is not necessary.   These are positive-electrode materials.   
LTO is a negative-electrode material, which is so-called zero-strain insertion 
material, i.e., no volume change during charge and discharge [24, 29].   The 
volume change of LAMO, LCO, NCM and NCA are 3 to 7% while that of graphite is 
approximately 20%.   The zero-strain insertion material of LTO is no limitation of 
cycle life, so that LTO is selected as a negative-electrode material for batteries under 
consideration.  
     Deteriorations during charge and discharge of lithium-ion batteries derive 
from the electrode materials, electrolytes, and separators.   There is a deterioration 
caused by the surface fi lm formation combined with gas generation, and 
consequently the consumption of effective lithium ions in the electrolyte.   A 
schematic illustration of side reactions is shown in Fig. 6 [3].   The surface film 
formation and gas generation on the surface of an electrode are very complicated.   
An example of the reactions at the negative electrode surface in an electrolyte 
 
Fig. 6   The schematic illustration of some side reactions leading to deterioration 
of a lithium-ion battery.   The surface film formation and gas generation combined 
with the decomposition of electrolyte involve in cell chemistry.  
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consisting of ethylene carbonate and alkyl carbonate is the decomposition of solvent 
molecules, i.e.,  
 
 
 
 
 
 
 
, 
 
in which R1 and R2 are alkyl groups.   Water is more or less contaminated in 
fabricating lithium-ion batteries.   Once water is contaminated, water molecules 
are circulated in a lithium-ion battery, which makes the problems difficult to solve 
for a long time.   
     In lithium-ion batteries, the cost ratio of positive- and negative-electrode 
materials to all the components is relatively high.    The price per capacity in Yen 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7   Comparison of the price per capacity of some insertion materials; LCO, 
NCM, NCA, LFP, LTO, and graphite.   These prices are calculated using London 
Metal Exchange (LME) price in 2010. 
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Ah
-1
 for each insertion material is plotted against the specific volumetric capacity in 
Ah L
-1
 and shown in Fig. 7.   Graphite is the lowest material cost.   LAMO and 
LTO are relatively lower material cost than others.   LAMO, LFP, and LTO consist 
of abundant elements compared to those of LCO, NCM and NCA.   The cost of 
separator is also relatively high.   A specially designed micro-porous membrane, 
i.e., shutdown mechanism, is usually used in lithium-ion batteries.   The shutdown 
mechanism is one of safety functions for preventing the thermal runaway of batteries 
even when overheated.   On heating the holes of micro-porous membrane are 
closed due to the partial melt so as to block the migration of lithium ions and stop 
the current.   A cost reduction of an expensive micro-porous membrane is required 
for supplying the low cost lithium-ion batteries.  
     The possibility of applying lithium-ion batteries consisting of LAMO or LFP 
and LTO to domestic/general industrial electric energy storage uses  is examined in 
advance.   The potentials of LAMO/LTO and LFP/LTO batteries are about 2.5 and 
2.0 V, respectively.   To confirm whether or not these batteries can be easily 
applied to the existing conventional electric energy storage systems, in which 
lead-acid batteries are currently used, the charge and discharge curves of five 
LAMO/LTO cells connected in series and six LFP/LTO cells connected in series are 
shown in Figs. 8 and 9.   As seen in these figures, the LAMO/LTO system is quite 
similar to 12-V lead-acid batteries in its potential profile [30].   The energy density 
of LAMO/LTO cell is estimated to be 200 Wh L
-1
 by an analogy with the value of the 
energy density for current lithium-ion batteries.   The LFP/LTO system seems to be 
not enough potential to apply to the existing conventional electric energy storage 
systems, because the operating voltage of six cells connected in series is less than 
the nominal voltage of 12 V for the lead-acid batteries.   Therefore, lithium-ion 
batteries consisting of LTO and LAMO are examined in detail in order to develop 
advanced  secondary  bat ter ies  with “ rough use tolerance ”  and  long l i fe .    
     Objectives in a series of investigations described in this thesis are (1) to find 
technologies required for the realization of secondary batteries with “rough use 
tolerance” and long life and (2) to show the validity of applying such a battery 
system to domestic/general industrial electric energy storage uses. 
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Fig. 8   Potential profile as a function of the state of charge (SOC) consisting of 
five LTO/LAMO cells connected in series.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 9   Potential profile as a function of the state of charge (SOC) consisting of six 
LTO/LFP cells connected in series. 
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In Chapter 1, separators to be used in long-life lithium-ion batteries are 
examined.   Expensive micro-porous membranes have been used in current 
lithium-ion batteries.   However, such an expensive membrane cannot be used in 
long-life lithium-ion batteries under consideration.   When such precious 
functional membranes are applied to the LTO/LAMO cells, capacity fading is always 
observed during continuous charge and discharge at currents above 1 mA cm
-2
.   
Possible origins are investigated, and the factor affecting capacity fading of 
lithium-ion batteries consisting of LTO and LAMO will be described and a possible 
solution will be given.    
 
In Chapter 2, new experimental and analytical methods are explored in order 
to accelerate the research and developments on the long-life lithium-ion batteries.   
The lithium insertion electrodes are characterized in terms of the area-specific 
capacity (ASC) stored and delivered electricity in mAh cm
-2
 as a function of current 
density (CD) in mA cm
-2
 and the area-specific impedance (ASI) in Ω cm2.   The 
methods are applied to the LTO electrodes and shown that any lithium insertion 
electrode can be characterized in terms of ASC and ASI.   Significance on the 
characterization of lithium insertion electrodes in terms of ASC and ASI will be 
discussed to fill a gap between basic researches and battery developments.    
 
In Chapter 3, the material balance in a lithium-ion battery is considered in 
order to extend a cycle life and hopefully a calendar life.   Cycle life associated 
with number of cycles is meaningless if lithium insertion materials are properly 
examined and selected.   However, even if the positive- and negative-electrodes are 
selected in such a way that both materials are proved to be no limitation of cycle life, 
the capacity of a lithium-ion battery usually fades.   In order to examine such a 
problem, zero-volt lithium-ion batteries with a symmetric parallel-plate electrode 
configuration (SPEC) are explored, and the rate of a side reaction is measured.   A 
positive electrode is always reduced and a negative electrode is always oxidized, 
leading to capacity failure.   A discussion as to how to extend cycle life together 
with calendar life will be given in terms of the state of charge (SOC) of a positive 
and negative electrode, the cycle efficiency versus Ah-efficiency, and self-discharge 
15 
 
combined with the rates of side reactions.  
 
In Chapter 4, prototype 18650 batteries (18 mm dia. with 65 mm hgt.) 
consisting of LTO and LAMO are fabricated and examined in order to verify a basic 
concept described in the previous Chapters to bridge a gap between basic research 
and battery engineering.   From the basic research results on ASC and ASI, the 
performance of the prototype 18650 batteries is predicted within an experimental 
error.   No capacity fading is observed during 200 cycles for the prototype 18650 
batteries.   No precious functional membrane inside the batteries and no specially 
designed BMS are needed in fabricating the lithium-ion batteries.   A discussion as 
to how to define and measure the internal resistance of prototype 18650 batteries 
will be given. 
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Chapter 1 
Capacity Fading of Lithium-Ion Cells Consisting of LTO 
and LAMO 
 
1. 1 Introduction 
 
Lithium-ion batteries are widely used in portable devices such as notebook 
personal computers (PCs), cellular phones and digital still camera because they have 
high energy density.   With a rise in awareness of environmental issues, lithium -ion 
batteries are expected to be applied to high-power applications and electric energy 
storage use.   For electric energy storage applications, longer cycle life is 
especially required.   Batteries are often charged to high states of charge (SOCs) 
and used in wide ranges of SOC during charge-discharge cycles.   Lithium 
aluminum manganese oxide (LAMO; Li[Li0.1Al0.1Mn1.8]O4) and lithium titanium 
oxide (LTO; Li[Li1/3Ti5/3]O4) have been considered as promising lithium insertion 
materials for long-life lithium-ion battery.    
LAMO and LTO are used as positive and negative electrodes, respec tively.   
LTO is the so-called zero-strain lithium insertion material, so that no limitation on 
cycle life [1-6].   LAMO is also shown to have long cycle life [7, 8].   Therefore, 
the combination of LTO and LAMO is expected to give better batteries showing long 
cycle life.   However, capacity fading has been observed when LTO/LAMO cell s 
are fabricated and examined in the same way as that used so far for material testing 
in lithium cells, especially for continuous charge and discharge at constant currents 
higher than 1 mA cm
-2
.   In order to avoid such capacity fading, accelerated cycle 
tests [8, 9] were carried out for 1100 or 3600 cycles at constant -voltage charge and 
discharge for several minutes, and its rechargeable capacity was examined at low 
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current at that time, as will be specifically shown in this paper.   The cause of 
capacity fading is not the same as that will be discussed in chapter 3, which is 
derived from the imbalance in the state of charge between positive and negative 
electrodes [10].
   
 
In this chapter, the influence of a battery component and a combination of 
positive and negative electrodes on cycle performance is discussed.   Especially, 
the results on an empirical approach to the relation between cause and effect among 
separator, zero-strain insertion electrode, and capacity fading are discussed.   A 
solution of this kind of capacity fading is also described.    
 
 
1. 2 Experimental 
 
1. 2. 1 Electrochemical cell  
 
The electrochemical cell used to examine the electrochemical behaviors of 
LAMO and LTO is shown in Fig. 1. 1.   An experimental cell consists of a positive 
electrode and negative electrode of lithium metal negative electrode, which are 
placed in a cavity of a container consisted of two stainless steel plate (70 x 65 mm
2
, 
5 mm thick.) separated by a Teflon spacer (2 mm thick.) in which a 25 x 35 mm
2
 
window is made.   Two sheets of a polypropylene (PP) microporous membrane 
(25 μm thick, Celgard 2500) or non-woven cloth (30 and 300 μm thick, Japan Vilene) 
were used as a separator placed between positive and negative electrode.   In order 
to avoid batch-to-batch variation of samples, Li[Li0.1Al0.1Mn1.8]O4 (LAMO; YS-001) 
was prepared in a large scale at Tosoh Co., Ltd., Japan [11, 12], and used in this 
study.   LAMO was prepared from electrolytic manganese dioxide (EMD; Tosoh 
Hyuga Co., Ltd., Japan), Li2CO3, Al(OH)3, and H3BO3.   Also, Li[Li1/3Ti5/3]O4 
(LT855-17C Lot 0028) obtained from Ishihara Sangyo Kaisha, Ltd., Japan was used 
as LTO in this study [11, 12].   In preparing the electrodes, black viscous slurry 
consisted of 88 weight percent (wt%) of LTO or LAMO, 6 wt% acetylene black, and 
6 wt% polyvinylidene fluoride (PVdF) dispersed in N-methyl-2-pyrrolidone (NMP) 
was cast onto aluminum foil.   The electrodes were dried at room temperature and  
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Fig. 1. 1   Schematic illustration of an electrochemical cell used for the 
electrochemical measurements; (a) stainless steel, (b) spring, (c) stainless steel, (d) 
lithium metal or LTO, (e) separator, (f) LAMO or LTO, (g) Teflon, (h) aluminum 
sheet, (i) Teflon, and (j) stainless steel. 
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heated at 60°C for 1 h under vacuum to remove NMP, and finally they were dried 
under vacuum at 150°C overnight.   After drying, the electrodes were punched out 
into a disk having a diameter of 16.0 mm, i.e., 2 cm
2
 in apparent area.   For 
Li/LAMO cells, a lithium electrode was prepared by pressing a lithium metal sheet 
onto a stainless steel plate.   The electrolyte was 1 M LiPF6 dissolved in ethylene 
carbonate (EC)/dimethyl carbonate (DMC) (3/7 by volume) solution (Kishida 
Chemical Co. Ltd., Japan).   The separators were dried under vacuum at 60°C for 
3 h before use.   All materials except the electrolyte and lithium metal were dried 
under vacuum at 40°C for 2 h to avoid possible contamination of water.   The cells 
were fabricated in an argon-filled glove box and examined at room temperature.    
 
1. 2. 2 Characterization of separators 
 
Separators were characterized by scanning electron microscopy (SEM) and 
differential scanning calorimetry (DSC).   A small piece of separator was attached 
to the stage with an adhesive carbon tape without coating of conductive film and 
observed by SEM (VE-7800, Keyence Co., Ltd., Japan).   The DSC signals were 
measured at a heating and cooling rate of 5 °C min
-1
 by using a differential scanning 
calorimeter (DSC-50, Shimadzu Co., Ltd., Japan).   For DSC measurement, a sheet 
of separator was mechanically sealed in an aluminum cell.   Other sets of 
experimental conditions are described in the results and discussion section.     
 
1. 3 Results and discussion 
 
1. 3. 1 Morphology of separators 
 
Separators used in this study were characterized by DSC and SEM.    
Polyethylene (PE) shows an endothermic peak at 130°C due to melt while PP shows 
the peak at 165°C, so that DSC distinguishes between PE and PP.   According to 
DSC analysis, 25 μm-thick microporous membrane and 30 μm-thick non-woven 
cloth are made from PP.   The 300 μm-thick non-woven cloth is made from PP and 
PE.   Figure 1. 2 shows the morphology of a microporous membrane and 
non-woven cloth observed by SEM.   Many pores less than 0.1 μm in diameter  
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Fig. 1. 2   Morphology of (a) a microporous membrane and (b) non-woven cloth 
observed by SEM. 
 
 
distribute uniformly in the microporous membrane.   Such a microporous 
membrane is designed for rechargeable lithium batteries in order to avoid short 
circuit due to dendritic lithium growth on charge.   The 300 μm-thick non-woven 
cloth shows big voids distributing in a polymer fiber network.   As seen in Fig. 1. 2, 
the two types of separators are quite different in their morphology.  
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1. 3. 2 Cycle characteristic of Li/LAMO cells  
 
Figure 1. 3 shows the charge and discharge curves of a Li/LAMO cell operated 
at 4 mA cm
-2 
in voltage ranging from 3 to 5 V for 30 cycles.   The separator used in 
the cell is the microporous membrane.   Obvious capacity fading is not observed 
even when the cell is continuously charged and discharged at high current of 4 
mA cm
-2
.   Figure 1. 4 shows the charge and discharge curves at several current 
rates.  As seen in Fig. 1. 4, the current as high as 10 mA cm
-2
 is possible for both  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. 3   Charge and discharge curves of a Li/LAMO cell continuously operated 
at 4 mA cm
-2 
in voltage ranging from 3 to 5 V for 30 cycles.    The LAMO-positive 
electrode mix weighed 45.9 mg and was 126 μm thick.   Two sheets of 25 μm-thick 
microporous membrane are used as a separator.  
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Fig. 1. 4   Charge and discharge curves of a Li/LAMO cell operated at (a)  2.5, (b) 5, 
(c) 7.5, and (d) 10 mA cm
-2.  Two sheets of 25 μm-thick microporous membrane are 
used as a separator.   The LAMO-positive electrode mix weighed 47.4 mg and was 
132 μm thick. 
 
 
charging and discharging of the Li/LAMO cell.   Although some of the capacity is 
once lost when the cell is charged or discharged at 10 mA cm
-2
, the capacity is 
recovered when the cell is open-circuited for a couple of hours, suggesting a mass 
transport problem.   When the non-woven cloth is used substituting for the 
microporous membrane, the cell cannot be cycled well due to an internal short 
circuit especially on charge at high current.   As clearly seen in Figs.  1. 3 and 1. 4, 
the effect of the microporous membrane is remarkable for the rechargeable lithium 
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batteries.   Therefore, the specially designed microporous membrane is inevitably 
necessary in examining lithium insertion materials in a cell with a metallic lithium 
electrode.    
 
1. 3. 3 Cycle characteristic of LTO/LAMO cells  
 
When an LTO electrode is substituted for a lithium electrode in the Li/LAMO 
cell, the rechargeable capacity fades cycle by cycle as shown in Fig.  1. 5.   
Diffusivity through the microporous membrane is the same between the Li/LAMO 
cell in Fig. 1. 3 and LTO/LAMO cell in Fig. 1. 5.   Difference between two cells is 
only the negative electrode.   One is a non-porous metallic lithium electrode and 
the other is a porous LTO electrode.   Other parts are exactly the same between the 
Li/LAMO and LTO/LAMO cells.   As seen in Fig.  1. 5, the rechargeable capacity 
fades cycle by cycle when the cell is continuously operated at 4 mA cm
-2
 in voltage 
ranging from 0 to 3.4 V.   When the current is reduced from 4 to 2 mA cm
-2
, the 
cell reaches almost the steady-state charge and discharge curves with the 
rechargeable capacity of ca. 75 mAh g
-1
.   When the current is further reduced to 1 
mA cm
-2
, the rechargeable capacity of ca. 90 mAh g
-1
 is observed.   When the 
charge and discharge curves in Fig. 1. 3 are compared to those in Fig. 1. 5(a), the 
Li/LAMO cell cycles well at 4 mA cm
-2
, while the LTO/LAMO cell does not cycle at 
the same current.   To specifically show how capacity fades, the rechargeable 
capacities observed for the LTO/LAMO cells at 1, 2, and 4 mA cm
-2
 are plotted as a 
function of cycle number and shown in Fig.  1. 6.   After 30 cycles, the capacity 
fades 5 % at 1 mA cm
-2
, 25 % at 2 mA cm
-2
, and 95 % at 4 mA cm
-2
.   Five percents 
of the initial capacity are observed for the LTO/LAMO cell operated at 4 mA cm
-2
 
after 30 cycles, whereas 95 % are observed under the same condition for the 
Li/LAMO cell in Fig. 1. 3.   In order to examine whether or not the capacity lost 
during 30 cycles at 4 mA cm
-2
 in Fig. 1. 6(c) is recovered, the cell is open-circuited 
for 3 days.   After the relaxation for 3 days, the cell is operated at 4 mA cm
-2
 for 30 
cycles.   The results are shown in Fig. 1. 6(d), which is superimposed on curve (c).   
This clearly indicates that the capacity fading is due to a mass transport problem, not 
due to the damage of materials by high-rate cycling at 4 mA cm
-2
.   At current  
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Fig. 1. 5   Charge and discharge curves of LTO/LAMO cells operated in voltage 
ranging from 0 to 3.4 V at (a) 4, (b) 2, and (c) 1 mA cm
-2
 for 30 cycles.   Two 
sheets of 25 μm-thick microporous membrane are used as a separator.   The 
LAMO-positive electrode mix is (a) 40.8 mg with 125 μm, (b) 40.4 mg with 126 μm, 
or (c) 39.2 mg with 120 μm.   The LTO-negative electrode mix is (a) 24.9 mg with 
102 μm, (b) 24.3 mg with 101 μm, or (c) 25.3 mg with 101 μm.  
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Fig. 1. 6   Rechargeable capacities as a function of cycle number for the 
LTO/LAMO cells examined at (a) 1, (b) 2, and (c) 4 mA cm
-2
.   Two sheets of 25 
μm-thick microporous membrane are used as a separator.   The charge and 
discharge curves are shown in Fig. 1. 5.   Curve (c) is observed for a fresh cell.  
After 30 cycles at 4 mA cm
-2
, the cell is open-circuited for 3 days, and then it is 
charged and discharged in the same condition, shown in (d).   Curve (d) is 
superimposed on curve (c). 
 
 
below 1 mA cm
-2
, the LTO/LAMO cells work well, but the larger capacity in mAh 
cm
-2
 at higher current cannot be obtained when a microporous membrane is used. 
 
1. 3. 4 Cycle characteristic of zero-volt lithium-ion cells 
 
In order to understand such capacity fading, almost every examination has 
been performed again and again.   No obvious difference between the microporous 
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membranes before and after capacity fading can be seen by SEM observations.   
Capacity fading is always observed when the cells having the LTO-negative 
electrodes are operated at currents higher than 1 mA cm
-2
 and it is not observed in 
lithium cells.    
In order to examine whether or not the LTO electrode combined with the 
microporous membrane plays a crucial role upon the capacity fading under 
consideration, LTO and LAMO is examined in the zero-volt lithium-ion cells [10, 13, 
14] with the symmetrical parallel-plate electrode configuration (SPEC). [14]   A 
non-woven cloth is also used in the zero-volt lithium-ion cells of LTO or LAMO to 
compare the results with or without the microporous membrane.   The non-woven 
cloth used is 30 μm-thick in order to minimize differences in separator thickness 
between the two cells.   Results are shown in Fig.  1. 7 for the zero-volt lithium-ion 
cell of LTO and in Fig. 1. 8 for that of LAMO.   To fabricate the zero-volt  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. 7   Charge and discharge curves of zero-volt lithium-ion cells of LTO 
operated in voltage ranging from – 0.5 to + 0.5 V at 2 mA cm-2 for 50 cycles.  The 
separator used is two sheets of (a) 25 μm-thick microporous membrane or (b) 30 
μm-thick non-woven cloth.   
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lithium-ion cells of LTO, i.e., LTO/LTO cells, two Li/LTO cells having the identical 
LTO electrodes are cycled confirming the rechargeable capacity in the steady state of 
charge and discharge curves.   When the both cells  show the same rechargeable 
capacity, one is stopped in the discharged state and the other is in the charged state, 
and then the LTO electrodes are taken out of the cells in an argon-filled glove box 
and combined in a fresh cell with the microporous membrane or non-woven cloth.   
The method to prepare the zero-volt lithium-ion cells of LAMO is the same as that 
described for those of LTO.   As clearly seen in Fig.  1. 7, the rechargeable capacity 
of the LTO cell with the microporous membrane, operated at 2 mA cm
-2
, fades cycle 
by cycle, while such capacity fading cannot be seen when the 30 μm -thick 
non-woven cloth is used in the cell.   The LAMO cells operated at 2 mA cm
-2
 in 
Fig. 1. 8 do not show such obvious capacity fading for both cells.   When the cell 
with the microporous membrane is compared to the cell with the non-woven cloth,  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. 8   Charge and discharge curves of zero-volt lithium-ion cells of LAMO 
operated in voltage ranging from – 0.5 to + 0.5 V at 2 mA cm-2 for 30 cycles.  The 
separator used is two sheets of (a) 25 μm-thick microporous membrane or (b) 30 
μm-thick non-woven cloth. 
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capacity fading of the cell with the microporous membrane seems to be slightly 
larger than that with the non-woven cloth, but there is not so much difference 
between the microporous membrane and non-woven cloth for the LAMO cells as 
seen in Fig. 1. 8.   
 
1. 3. 5 Possible origin of capacity fading  
 
LTO is the ideal insertion electrode for long life applications because it 
exhibits virtually zero change in electrode dimension during charge and discharge.  
[2, 5, 6]   The LAMO-positive electrode shows ca. 2 % of volume change during 
charge and discharge. [9, 11]   The metallic lithium electrode cannot be compared 
with lithium insertion electrodes on the same scale.   Lithium metal is once 
dissolved in the electrolyte at the lithium-negative electrode on discharge and 
formed again on charge.   Change in thickness of lithium metal is 4.9 μm per 1 
mAh cm
-2
 of storing and delivering electric charge.   In other words, the volume of 
lithium metal changes during charge and discharge with changing the free volume of 
the electrolyte in a cell, and consequently the electrolyte with a separator mov es 
back and forth between the positive and negative electrodes, which may cause an 
electrolyte flow in the cell.   If such a change in volume is negligibly small, 
lithium-ion transfer is limited to diffusion through a stagnant electrolyte in the 
separator and porous electrode.
 
[15]   The electrolyte convection due to change in 
volume of the lithium-negative electrode during charge and discharge helps transport 
lithium ions, leading to the steady-state continuous charge and discharge at constant 
current when the microporous membrane is used as a separator in Li/LAMO and 
LAMO/LAMO cells, as seen in Figs. 1. 3 and 1. 8.    
According to the results in Figs. 1. 7 and 1. 8, when the non-woven cloth is 
used in fabricating LTO/LAMO cells, the problem of capacity fading observed in 
Fig. 1. 5(a) is solved.   Figure 1. 9 shows the charge and discharge curves of an 
LTO/LAMO cell operated at 4 mA cm
-2 
in voltage ranging from 0 to 3.4 V.   The 
300 μm-thick non-woven cloth is used as a separator.   Steady-state charge and 
discharge curves are observed even when the thick non-woven cloth is used 
substituting for the 25 μm-thick microporous membranes used in Fig. 1. 5(a).    
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Fig. 1. 9   Charge and discharge curves of an LTO/LAMO cell operated in voltage 
ranging from 0 to 3.4 V at 4 mA cm
-2
 for 50 cycles.  The separator used is 300 
μm-thick non-woven cloth.   The positive electrode mix weighted 45.0 mg and was 
115 μm thick and the negative electrode mix weighted 29.1 mg and was 96 μm.   
 
 
1. 4 Summary 
 
Lithium-ion cells consisting of LTO and LAMO have been examined at 
currents higher than 1 mA cm
-2
 at room temperature.   Capacity fading was 
observed for both LTO/LAMO cell during the continuous charge and discharge at 1, 
2, and 4 mA cm
-2
 when a microporous membrane usually used so far was applied.   
In order to understand the capacity fading, Li/LAMO and Li/LTO cells together with 
zero-volt lithium-ion cells consisting of LTO or LAMO were fabricated and 
examined.   Among these cells, the rechargeable capacity of a zero-volt lithium-ion 
cell of LTO with a microporous membrane faded cycle by cycle, while the other cells 
did not show such obvious capacity fading.   From these results, a possible source 
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of capacity fading was discussed in terms of a mass transport problem due to the 
“zero-strain” insertion electrode combined with a microporous membrane .   A 
solution of the problem is also given in such a way that a non-woven cloth is 
substituted for the microporous membrane as a separator in LTO/LAMO for the 
long-life lithium-ion battery.    
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Chapter 2 
Area-Specific Impedance of Single Lithium Insertion 
Electrode of LTO 
 
2. 1 Introduction 
 
Lithium insertion materials are usually characterized by analytical methods, 
such as X-ray diffraction, infrared and Raman spectroscopy, transmission electron 
microscopy combined with electron diffraction and/or electron-energy loss 
spectroscopy, scanning electron microscopy, nuclear magnetic resonance 
spectroscopy, etc., and the electrochemical charge and discharge are examined in a  
laboratory lithium cell.   A lithium insertion material is usually mixed with a 
conductive additive, usually a carbon material, and a binder in order to form an 
electrode sheet.   The experimental conditions to examine lithium insertion 
materials are selected in such a way that the charge and discharge curves illustrated 
in the E / V vs. Q / mAh g
-1
 plots are approximately independent of current, area, 
electrode composition, and its weight.   Thus, rechargeable capacity, potential 
profile against Li, and cycle-ability of a material are described in relation to the 
change in crystal dimension or structure in a basic research on lithium insertion 
materials [1-5].   Consequently, lithium insertion materials have been well 
characterized and some of them are examined in prototype cells.   Although there 
are several methods to characterize lithium insertion materials, there seems to be few 
methods to characterize lithium insertion electrodes because of the lack of a  basic 
concept to fill a gap between basic and applied researches  on batteries associated 
with lithium insertion materials.   In order to fill the gap, a series of experimental 
works on the characterization of lithium insertion electrodes is undertaken.   In this 
chapter, a method to characterize lithium insertion electrodes in te rms of the 
area-specific impedance of a single lithium insertion electrode is described and its 
significance in developing practical lithium-ion batteries is discussed.    
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2. 2 Backgrounds 
 
A battery consists of positive and negative electrodes  separated by a 
diaphragm filled with an electrolyte, which is an electrochemical system [6, 7].   
The active electrode area of the positive electrode is the same as that of the negative 
electrode because of its electrode configuration.   A pressure is usually exerted on 
a pile of the positive electrode, the diaphragm, and the negative electrode by a spring 
to examine lithium insertion electrodes.   Current flowing through the diaphragm is 
the same as that flowing the positive and negative electrodes.   Current is usually 
normalized with respect to the active electrode area in electrochemistry, giving the 
current density (CD) in mA cm
-2
, so that the capacity of the electrode in mAh can 
also be normalized with respect to the active electrode area, yielding  the 
area-specific capacity (ASC) in mAh cm
-2
 to characterize a lithium insertion 
electrode.   Similarly the area-specific impedance (ASI) in Ω cm2 can be defined 
and applied to the characterization of lithium insertion electrodes.    
Lithium insertion electrodes having several ASC loaded are examined at  
several current densities, and the basic results are illustrated  in the E / V vs. Q / mAh 
g
-1
 plots and/or the E / V vs. ASC / mAh cm
-2
 plots, called the rate-capability tests of 
lithium insertion electrodes.   Because a three-electrode configuration consisting 
of a working electrode, a counter electrode, and a reference electrode with the 
Huber-Luggin capillary cannot be applied to the examinations of lithium insertion 
electrodes [8,9], a two-electrode configuration consisting of a target electrode and a 
lithium metal electrode is usually used in a basic research.   In other words, a 
lithium insertion electrode is examined in a nonaqueous lithium cell, which is a full 
cell.   Figure 2. 1 shows an example of the charge and discharge curves of a 
Li/LTO cell operated at 0.17 mA cm
-2
 or 10 mA g
-1
 based on the weight of LTO, 
which has been used to examine lithium insertion materials so far.   The data 
shown in Fig. 2. 1 are highly reproducible in terms of potential profile and 
rechargeable capacity in mAh g
-1
.   Thus, the LTO electrode is characterized by 
saying that the rechargeable capacity of LTO is 165 mAh g
-1
 together with the flat 
operating voltage of 1.55 V and also that the area-specific capacity of the LTO 
electrode is 2.9 mAh cm
-2
 in this case.     
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Fig. 2. 1 Charge and discharge curves of a Li / Li[Li1/3Ti5/3]O4 (LTO) cell operated at 
a rate of 0.17 mA cm
-2
 in voltage ranging from 1 to 3 V at 25°C.   A 58.4-mg 
LTO-electrode mix 141 μm thick is examined.   The active electrode area is 3 cm 2.   
Two sheets of Celgard 2500 are used as a separator.  
 
      
When the impedance of a Li/LTO cell is measured, it has been very hard to 
obtain reliable and reproducible data.   Figure 2. 2 shows one case and Fig. 2. 4 
together with Fig. 2. 3 shows another case.   Figure 2. 3 is a record on the cell 
history prior to the impedance measurements.   The open-circuit voltage observed 
at 25, 50, 75, 95% of the depth of discharge (DOD) is 1.562 V while that  at 5% of 
DOD is 1.558 V in this experimental condition, suggesting that the impedance 
should be stable in this region in its shape.   The impedance spectra, however, vary 
from one cell to another.   The Li/LTO cells are usually cycled for 5 cycles in 
advance of the impedance measurements in order to reduce or stabilize the absolute 
value of impedance, called conditioning or broken-in cycling in our laboratory, as  
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Fig. 2. 2 Impedance spectra observed for a Li / Li[Li1/3Ti5/3]O4 cell at 25°C at DOD: 
0%(0 mAh g
-1
 of reduction: 1.82 V of open-circuit voltage), 25% (42 mAh g
-1
: 1.56 
V), 50% (85 mAh g
-1
: 1.56 V), 75% (126 mAh g
-1
: 1.56 V), and 100% (169 mAh g
-1
: 
1.19 V).   A sinusoidal voltage with peak amplitude of 14.2 mV is added to a 
dc-bias voltage corresponding to the open-circuit voltage. 
 
 
shown in Fig. 2. 3.   When five cycles are not enough to activate the Li/LTO cells, 
10 or more cycles are performed.   Without any conditioning, the absolute value of 
impedance is quite high.   The flat operating voltage in Figs. 2. 1 and 2. 3 suggests 
that the impedance of the LTO electrode should be unchanged in SOC ranging from 
5 to 95%.   The impedance spectra in Figs. 2. 2 and 2. 4 do not satisfy such 
expectation on reliability and reproducibility.    Improving the experimental 
methods was tried again and again, but the impedance data in a reliable and 
reproducible manner by using lithium cells could not be fixed.    
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Fig. 2. 3 Cell history on a Li/LTO cell to measure impedance spectra.   The cell is 
cycled five times in voltage ranging from 1 to 3 V at a rate of 0.25 mA cm
-2
.   A 
34.50-mg LTO-electrode mix 121 μm thick with 2 cm2 in active electrode area is 
examined in a lithium cell.   Open circles indicate the open-circuit voltage at which 
the cell impedance was measured.   A nonwoven cloth is used on the 
LTO-electrode side and a microporous membrane is used on the side of a lithium 
electrode.   A numerical value in parenthesis for each DOD is the open-circuit 
voltage except at DOD = 0%.   The cell is potentiostatically controlled at 3.000V at 
DOD = 0%. 
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Fig. 2. 4 The Bode plots of impedance data for a Li/LTO cell at 25 °C.   A 
sinusoidal voltage with peak amplitude of 7.05 mV is added to a dc-bias voltage 
corresponding to the open-circuit voltage for each DOD given in Fig. 2. 3.   
 
 
Impedance Z is represented as a function of angular frequencyωby 
Z(ω) = Z’(ω) + iZ”(ω)   (1), 
where Z’(ω) and Z” (ω) are the real and imaginary parts of the complex impedance 
Z(ω) [10,11].   Because two electrodes are needed to measure the current and 
voltage, a cell always consists of two electrodes, i.e., an A / B cell.   The 
impedance is given by  
Zcell (ω) = ZA(ω) + ZB(ω)   (2), 
in which ZA(ω) is the impedance of electrode A and ZB(ω) is that of electrode B.   
In describing cell impedance, the electrode impedance is only considered for the 
sake of simplicity.    
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When the both lithium insertion electrodes are the same including their weight, 
thickness, and capacity in addition to composition, ZA(ω ) is equal to ZB(ω ).   
When the same electrodes are placed in a cell with a symmetric parallel -plate 
electrode configuration (SPEC) [9, 12-16], the cell is called a zero-volt lithium-ion 
cell, abbreviated ZV-cell hereafter.   The impedance of the cell is represented by   
ZZV-cell(ω) = 2 ZA(ω)   (3). 
Therefore, the impedance of single electrode A is given by  
ZA (ω) = ZZV-cell(ω) / 2   (4), 
where ZZV-cell(ω) is observable.   When the impedance of electrode A is known, 
the impedance of electrode B is obtained from eq. (2).    
As briefly described above, all lithium insertion electrodes are characterized 
in terms of the area-specific impedance of a single electrode.   The problems are; 
(1) whether or not such common electrode A can be found, (2)  how to measure the 
area-specific impedance of single lithium insertion electrode A, and (3) how to 
verify a method to measure area-specific impedance of single lithium insertion 
electrode.   Among lithium insertion electrodes, an LTO electrode as possible 
common electrode A was selected and its validity was examined.   In this chapter, 
a method to measure the area-specific impedance of a single lithium insertion 
electrode is presented.  
 
2. 3 Experimental 
 
2. 3. 1 Electrochemical cell 
 
Lithium titanium oxide (LTO) of Li[Li1/3Ti5/3]O4 (LT-855-17C, Ishihara 
Sangyo Co. Ltd., Japan) used in this chapter is the same as described in Chapter 1 .   
In preparing the electrodes, polyvinylidene fluoride (PVdF; Kureha Co. Ltd., Japan) 
dissolved in N-methyl-2-pyrrolidone (NMP) solution is used as a binder.   Viscous 
slurry consisting of 88 weight percent (wt%) LTO, 6wt% acetylene black (Denki 
Kagaku Kogyo Co. Ltd., Japan), and 6wt% PVdF is cast on aluminum foil with a 
blade.   NMP is evaporated at 60°C for 30 min and then dried under vacuum for 1 h.   
Finally, the electrodes are dried under vacuum at 150°C overnight.   Then the 
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electrodes are punched out into a disk (16 mm of diameter, 2 cm
2
).   Lithium 
electrodes used are in a brilliant silver color, prepared by cutting a piece from a 
lithium rod, rolling it into a sheet, and pressing it onto a stainless steel sheet.   
Microporous polypropylene membrane (Celgard 2500) is used in fabricating lithium 
cells.   Polypropylene-nonwoven cloth 44 μm thick is used in fabricating zero-volt 
lithium-ion cells.   The electrolyte used is 1 M LiPF6 dissolved in ethylene 
carbonate (EC)/dimethyl carbonate (DMC) (3/7 by volume) solution obtained from 
Kishida Chemical Co. Ltd., Japan.   Electrochemical cells used are the same as 
described in Chapter 1.   In fabricating the cells, all the cell parts except the 
electrolyte and lithium metal are dried under vacuum at about 60ºC at least 2 h 
before cell fabrication to avoid possible contamination with water.   After the 
electrodes and a separator are placed inside a cell, 0.2 mL of electrolyte are 
introduced by using a 1-mL glass syringe.   All procedures for handling and 
fabricating the electrochemical cells are performed in an argon-filled glove box.    
 
2. 3. 2 Impedance measurements 
 
Impedance measurements are performed by using the frequency-response 
analyzer (Solartron 1250) connected to a potentiostat (Solartron SI1287).   The 
frequency is scanned stepwise in a frequency range between 0.01 and 63500 Hz with 
5 steps per decade.   Other sets of experimental conditions are given in the results 
and discussion section.  
 
2. 4 Results and Discussion 
 
2. 4. 1 Zero-volt lithium-ion cell of LTO with symmetric parallel-plate electrode 
configuration 
 
Figure 2. 5 shows the charge and discharge curves of a zero-volt lithium-ion 
cell consisting of two identical LTO electrodes.   Because the cell is 0 V, the terms 
of charge and discharge have no meaning.   “Charge” means an increase in voltage 
and “discharge” means a decrease with progressing a cell reaction.   In fabricating  
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Fig. 2. 5 Charge and discharge curves of a zero-volt lithium-ion cell consisting of a 
35.3-mg LTO-electrode mix 124 μm thick and a 35.9-mg LTO-electrode mix 124 μm 
thick.   The cell is operated at a rate of 0.25 mA cm
-2
 at 25°C.   Open circles 
indicate 0, 5, 25, 50, 75, 95, and 100% of DOD, at which the cell impedance is 
measured.   The active electrode area is 2 cm
2
. 
 
 
the zero-volt lithium-ion cell, two identical LTO electrodes are prepared in 
nonaqueous lithium cells.   One is a 35.3-mg electrode 124 μm thick and the other 
is a 35.9-mg electrode 124 μm thick.   The charge and discharge curves are the 
same as those illustrated in Fig. 2. 1 except the cell capacity.   In examining the 
LTO electrodes in lithium cells, a nonwoven cloth is used on the LTO-electrode side 
and a microporous membrane is used on the side of a lithium electrode in order to 
prevent a loose short during charge and discharge.   The rechargeable capacities 
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observed for these two cells are 5.10 and 5.16 mAh, resulting in the same specific 
capacity of 165 mAh g
-1
 based on the weight of LTO.   After the cell capacities 
were examined, one is charged to 3 V and the other is discharged to 1 V, and then the 
cells are open-circuited for 1 h.   Both cells are disassembled in an argon-filled 
grove box, and the one LTO electrode together with the nonwoven cloth used in the 
lithium cell is combined with the other LTO electrode with the nonwoven cloth in 
either of two cells.   The reason why the nonwoven cloth was used as a separator of 
zero-volt lithium-ion cell was described in Chapter 1.   As can be seen in Fig. 2. 5, 
the first discharge curve is slightly different from the subsequent steady-state charge 
and discharge curves, suggesting that a fabrication process is still needed to improve.   
The rechargeable capacity of the zero-volt lithium-ion cell is observed to be 5.05 
mAh, corresponding to 161 mAh g
-1
 based on the weight of LTO.   Because the cell 
capacity is determined by a minimum value between 5.10 and 5.16 mAh, the 
observed rechargeable capacity of 5.05 mAh well agrees with the expected cell 
capacity 5.10 mAh.   An error due to the difference in an electrode weight is within 
2%, so that the state of charge (SOC) of the LTO electrodes is estimated from the 
depth of discharge (DOD) of the zero-volt lithium-ion cell.   Relations among 
DOD of the cell in %, SOC of the LTO-positive electrode (high voltage for a freshly 
fabricated zero-volt cell; SOCp) in %, and SOC of the LTO-negative electrode (low 
voltage; SOCn) in % are SOCp = 100 – DOD, SOCn = 100 – DOD, and SOCp = SOCn.   
SOCn corresponds to the degree of reduction of LTO in mAh g
-1
, i.e., SOCn = 0% at 
0 mAh g
-1
 and SOCn = 100% at 165 mAh g
-1
 in Fig. 2. 1, for example, or a maximum 
rechargeable capacity of a target lithium insertion material in general.   Conversely, 
SOCp = 100% at 0 mAh g
-1
 and SOCp = 0% at 165 mAh g
-1
.   At DOD = 50%, both 
LTO electrodes are the same SOC of 50%, at which the cell is really symmetric in 
terms of a chemical composition, i.e., a symmetric Li 3/2[Li1/3Ti5/3]O4 / 
Li3/2[Li1/3Ti5/3]O4 cell.    
 
2. 4. 2 Impedance measurements of a zero-volt lithium-ion cell with LTO 
 
Figure 2. 6 shows the results on the impedance measurements of a zero -volt 
lithium-ion cell in Fig. 2. 5.   Open circles in Fig. 2. 5 are the open-circuit voltage  
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Fig. 2. 6 The Bode plots of impedance data for a zero-volt lithium-ion cell of LTO.   
DOD given in % is based on the experimental data in Fig. 2. 5.   A sinusoidal 
voltage with peak amplitude of 7.1 mV is added to a dc-bias voltage corresponding 
to the open-circuit voltage for each DOD.   The absolute value of complex 
impedance is given in Ω cm2 in a linear scale, not a logarithmic scale.  
 
 
at 0, 5, 25, 50 75, 95, and 100% of DOD, at which the impedance measurements are 
carried out at 25°C.   To adjust DOD, the cell is discharged at 0.25 mA cm
-2
 until it 
reaches a target DOD and then open-circuited for 30 min.   As seen in Fig. 2. 6, the 
impedance spectra are independent of DOD in a range from 5 to 95 % in frequencies 
higher than 0.05 Hz.   The Bode plots are normally illustrated in the log |Z| vs. log 
ω plots together with the phase angle θ vs. log ω plots [17].   In drawing the Bode 
plots of impedance spectra observed for the lithium-ion cells, the absolute value of 
complex impedance in a linear scale, not a logarithmic scale is illustrated hereafter. 
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Also, frequency f in Hz is used in this chapter.    
Among the impedance spectra in Fig. 2. 6, equation (4) is applicable to the 
data at DOD = 50% to calculate the area-specific impedance of a single LTO 
electrode in all rigor even if the impedance spectra are invariable from 5 to 95% of 
DOD.   In order to eliminate such a constraint on DOD and consequently SOC of 
LTO electrodes, an LTO electrode at SOCn = 25% is combined with that at SOCn = 
25% in a cell, i.e., an LTO (25% reduction) / LTO (25% reduction) cell, and the cell 
impedance is measured.   The result is the same as those illustrated in Fig. 2. 6 for 
25, 50, and 75% of DOD, indicating that the impedance of an LTO electrode is 
independent of SOC except at both ends near 0 and 100% of SOC.   Because the 
active electrode area is 2 cm
2
 and the cell impedance is a sum of two LTO electrodes, 
the cell impedance in Fig. 2. 6 corresponds to the area-specific impedance of a single 
LTO electrode in Ω cm2.    
Reproducibility is another problem in developing a new experimental method 
to characterize lithium insertion electrodes.   In order to show reproducibility of 
data in Fig. 2. 6, a zero-volt lithium-ion cell is independently fabricated and the cel l 
impedance is separately measured.   Results are shown in Fig. 2. 7.   A zero -volt 
lithium-ion cell consists of a 30.6-mg LTO electrode 118 μm thick and a 31.1-mg 
LTO electrode 110 μm thick.   As clearly seen in these figures, the area-specific 
impedance of a single LTO electrode observed at SOC = 5, 25, 50, 75, and 95% in 
Fig. 2. 7 is consistent with the impedance shown in Fig. 2. 6 in frequencies higher 
than 0.05 Hz.   Thus, the area-specific impedance of a single LTO electrode has 
been determined. 
 
2. 4. 3 Significance of the Area-specific impedance of a single LTO electrode  
 
As has been described in a previous section, the area-specific impedance of a 
single LTO electrode has been determined using a zero-volt lithium-ion cell of LTO.   
The impedance spectra are invariable in SOC ranging from 5 to 95 % in frequencies 
higher than 0.05 Hz.   The absolute value of the complex impedance is lower than 
10 Ω cm2 and the phase angle is close to 0° in a range of frequency between 0.1 Hz 
and 1 kHz, indicating that the LTO electrode behaves like a resister.   In measuring  
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Fig. 2. 7 The Bode plots of impedance data for a zero-volt lithium-ion cell consisting 
of a 30.6-mg LTO-electrode mix 118 μm thick and a 31.1-mg LTO-electrode mix 110 
μm thick.   A sinusoidal voltage with peak amplitude of 14.1 mV is added to a 
dc-bias voltage corresponding to the open-circuit voltage.   Impedance spectra are 
independent of DOD except for those near 0 and 100%. 
 
 
electrochemical impedance, the amplitude of sinusoidal  voltage is strictly limited to 
within a few milli-volt in order not to distort a waveform of sinusoidal current [10, 
18].   However, such a limitation is not valid for the impedance measurements of 
lithium insertion electrodes [9, 19].   In examining the impedance of lithium 
insertion electrodes, a waveform of current together with voltage by an oscilloscope 
is usually monitored and the appropriate amplitude of sinusoidal voltage is 
determined.   When the amplitude is too small to measure the impedance of a cell, 
a signal-to-noise ratio becomes apparent, resulting in a scatter of data set in the Bode 
plots or the Cole-Cole plots [20].   The distortion of a waveform can visually be 
inspected from the current vs. voltage plots of data taken from the impedance   
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Fig. 2. 8  Steady-state polarization curves obtained for zero-volt lithium-ion cells at 
25°C.   One is the same as that used in Fig. 2. 7 and the other consists of a 30.2-mg 
LTO-electrode mix 112 μm thick and a 31.1-mg LTO-electrode mix 110 μm thick.   
A sinusoidal voltage with peak amplitude of 1 V at 0.1 Hz is imposed on a zero-volt 
lithium-ion cell of which DOD is 50%.   The active electrode area is 2 cm
2
.    
 
 
measurements at any frequency by an oscilloscope or a digital memory scope.   
Figures 2. 8 shows two examples of the current vs. voltage plots observed at 0.1 Hz.   
The amplitude of sinusoidal voltage is 1 V, which is imposed to a zero -volt 
lithium-ion cell at DOD = 50%.   Figure 2. 8 shows two results.   One is the same 
cell as that already shown in Fig. 2. 7.   The other is taken from a zero -volt 
lithium-ion cell consisting of a 29.9-mg electrode 113 μm thick and a 30.2-mg 
electrode 112 μm thick.   As can be seen in Fig. 2. 8, two steady-state polarization 
curves are merged into a single curve, which permits a first -order estimate of an 
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internal resistance of the cell.   The resistance is estimated to be 6.7 Ω.   Because 
the active electrode area is 2 cm
2
 for both LTO electrodes, the cell resistance 
corresponds to the area-specific resistance of a single LTO electrode, i.e., 6.7 Ω cm2.   
The value is consistent with the impedance spectra at 0.1 Hz in Figs. 2. 6 and 2. 7.     
The above arguments are based on the data observed at 25°C.   In order to 
examine whether or not the area-specific impedance of a single LTO electrode 
described above is stable even at 55°C, a zero-volt lithium-ion cell of LTO is 
operated at 55°C.   The results are shown in Fig. 2. 9.   The cell is operated at a 
rate of 0.25 mA cm
-2
 at 55°C for 800 h.   Although the cell capacity fades during 
the operation due to side reactions as will be discussed in Chapter 3, an increase in 
polarization is hardly seen in Fig. 2. 9.   The cell impedance is measured at 100,  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. 9  Charge and discharge curves of a zero-volt lithium-ion cell operated at a 
rate of 0.25 mA cm
-2
 at 55°C.   The cell consists of a 37.0-mg LTO-electrode mix 
132 μm thick and a 37.3-mg LTO-electrode mix 131 μm thick.   The active 
electrode area is 2 cm
2
. 
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250, 500, and 800 h after the cell operation at 55°C.   The results are shown in Fig. 
2. 10.   In measuring the cell impedance, the cell operation is stopped at a  mid way 
of the cell capacity, at which SOC of the LTO electrode in the cell is somewhere 
between 40 and 60%.   As can be seen in Fig. 2. 10, the absolute value of the cell 
impedance after 800 h at 55°C increases about 7% compared with the initial value, 
and the phase angles do not change in frequency ranging from 0.1 to 1 kHz, 
indicating that the area-specific impedance of a single LTO electrode is stable at 
55°C for 800 h.    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. 10 The Bode plots of impedance data for a zero-volt lithium-ion cell of LTO 
at 55°C.   In measuring the cell impedance, the cell operation illustrated in Fig. 2. 
9 is stopped at a mid way of the cell capacity at 0, 100, 250, 500, and 800 h after the 
cell was operated at 55°C.   A sinusoidal voltage with peak amplitude of 14.1 mV 
is imposed on a zero-volt lithium-ion cell.    
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As have been described above, the LTO electrode shows;  
(1) the operating voltage of 1.55 V with respect to a lithium electrode in a range of 
SOC between 5 to 95% 
(2) unlimited cycle life because LTO is the zero-strain insertion material, and 
(3) the area-specific impedance of a single electrode is invariable in a range of SOC 
between 5 to 95% in frequency higher than 0.05 Hz and stable even at 55°C.    
These characters are sufficient to apply the LTO electrode to a common electrode for 
the impedance measurements of lithium insertion electrodes.   When the 
impedance of a lithium-ion cell consisting of a target electrode and the LTO 
electrode is measured, the area-specific impedance of a target electrode can be 
determined as a function of SOC of a target electrode by using eq. (2).   
Conversely, when the area-specific impedance of any lithium insertion electrode is 
known, the cell impedance of a combination of lithium insertion electrodes is 
calculated even for a full cell in a large scale from the basic results on the lithium 
insertion electrodes, because the absolute value of cell impedance is estimated from 
the area-specific impedance of both electrodes and an active electrode area 
calculated from a cell capacity to be designed and the area-specific capacity in mAh 
cm
-2
 of each electrode while a phase angle is independent of an active electrode area.   
Because the impedance spectra of a battery are extremely important to know power 
dissipation in case of burst of energy input or output for a short period of time, 
usually 30 s or less for batteries, impedance measurements to collect basic  ASI data 
should be performed in frequencies ranging from 30 mHz to 10 kHz.    
 
2. 5 Summary 
 
A basic concept on the area-specific impedance (ASI) of a single lithium 
insertion electrode has been described in order to characterize lithium insertion 
electrodes.   A common electrode selected to measure the ASI is the zero-strain 
lithium insertion material of lithium titanium oxide (LTO).   The ASI of a single 
LTO electrode in Ω  cm2 is measured in the state of charge (SOC) ranging from 0 to 
100% by using the zero-volt lithium-ion cell of LTO with a symmetric parallel-plate 
electrode configuration.   Because the ASI of an LTO electrode is empirically 
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known to be independent of SOC ranging from 10 to 90% with a margin of 5%, the 
impedance of a cell having any combination with the LTO electrode can be measured 
at any SOC of a target electrode.   Consequently, the ASI of every lit hium insertion 
electrode can be obtained by the impedance measurements.   It is suggested that 
ASI is the most important parametric factors to characterize lithium insertion 
electrodes in terms of polarization and power dissipation generating heat in a ful l 
cell.   Suppose one needs 100 Ah batteries, for example.   The cell impedance 
cannot directly be measured because of extremely low impedance, i.e., m Ω or less.   
A simple 1-kHz AC impedance meter is usually applied to impedance measurements 
of such batteries.   A frequency of 1 kHz, however, does not be found a good 
reason as shown in this chapter.   In such a case, the electrode area in cm
2
 is 
calculated from basic results on ASC in mAh cm
-2
 and then the absolute value of cell 
impedance in Ω from ASI in Ω cm2 while phase angle θ does not change.   One can 
illustrate battery performance in advance, such as any response of a burst of energy 
input or output for a short period of time by a Fourier transform method [21, 22]  
from the basic research results on lithium insertion electrodes.    
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Chapter 3 
Extending Cycle Life of Lithium-Ion Batteries 
Consisting of LTO and LAMO 
 
3. 1 Introduction 
 
One of final goals on the long-life lithium-ion batteries is 75 % capacity 
retention with respect to initial capacity after 3600 cycles for deep 8 h charge and 8 
h discharge for stationary or automobile applications, such as solar home systems 
especially for off-grid rural areas and pure electric vehicles for continuous 8 h 
driving.   Eight-hour charge and 8 h discharge per day mean 10 years’ service of 
batteries [1].   Basic research results indicate that the LTO/LAMO cells are 
expected to attain the final goal on 3600 cycles when the cells are operated below 
room temperature [2, 3].   However, the results at 55°C do not meet the 
requirement on cycle life.   Cell capacity fades after 250 cycles at 55°C.   LTO 
and LAMO are still active even after 250 cycles at 55°C when Li/LTO and Li/LAMO 
cells are re-fabricated and examined.   The capacity failure is due to the imbalance 
of the state of charge (SOC) [4-10] between the LTO-negative and LAMO-positive 
electrodes.   However, the failure mechanism is something mysterious as will be 
described in this chapter.   In order to understand anomalous capacity fading, a 
series of experimental and theoretical works is undertaken.    
In this chapter the possible explanation on anomalous capacity fading 
observed for the LTO/LAMO cells operated at 55°C together with the determination 
of the current corresponding to the rates of side reactions at the LTO-negative and 
LAMO-positive electrodes is described.   From the results, a method to extend 
cycle life is discussed in terms of cycle efficiency apart from Ah-efficiency, and the 
specific problems associated with capacity fading coupled with side reactions at both 
electrodes are also discussed in relation to cell chemistry.    
 
3. 2 Terminology to describe reactions in lithium-ion battery 
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To describe the reactions involved in lithium-ion batteries, one sometimes 
becomes confused due to terminology.   In order to avoid such confus ion, 
terminology used in this chapter is briefly defined.   To describe the electrodes, 
“positive” and “negative” rather than “anode” and “cathode”, i.e., LTO -negative or 
LAMO-positive electrode, are usually used [11].   An electrode where oxidation 
occurs and current flows from electrode to electrolyte is called an anode.   
Conversely, an electrode where reduction occurs and current flows from electrolyte 
to electrode is called a cathode.   The terms of “anode” and “cathode” are related to 
the direction of current or electron flow, not to the polarity of the electrodes.   
Anodic or cathodic current means that a certain substance is oxidized or reduced, 
respectively, at an electrode.   If the anodic current due to the oxidation of one 
substance and the cathodic current due to the reduction of another substance are 
composed of total current zero, the open-circuit or rest potential is called “mixed 
potential” [12].    
The Ah-efficiency [11] is usually used to characterize secondary batteries.   
The Ah-efficiency at n th cycle, ηAh(n), in % is defined by  
 
ηAh(n) = Qout(n) / Qin(n) x 100   (1), 
 
in which Qout and Qin are discharge and charge Ah-capacity, respectively.   The 
Ah-efficiency is also called the “coulombic” efficiency.   The Ah -efficiency can be 
calculated for every cycle.    
In addition to the Ah-efficiency we need to define “cycle efficiency” at n th 
cycle, ηCL (n), in %, i.e.,  
 
ηCL (n) = Qout(n) / Qout(n-1) x 100   (1 < n)   (2), 
 
in which Qout(n) and Qout(n-1) are the discharge capacity at n th and previous (n-1) th 
cycles, respectively.   The value of cycle efficiency defined by eq. (2) is different 
from that of the Ah-efficiency defined by eq. (1) except ηAh(n) = 100 %, where ηCL 
(n) = ηAh(n) = 100 %, i.e, no capacity fading when the Ah-efficiency is 100 %.    
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Another term necessary to define is the state of charge (SOC).   The SOC of 
a positive electrode is defined by the degree of oxidation in % with respect to the 
rechargeable capacity to the fully oxidized state as  
 
SOCP = the degree of oxidation in mAh g
-1
 / rechargeable capacity to the fully 
oxidized state in mAh g
-1
 x 100   (3), 
 
in which SOCp stands for the SOC of the positive electrode.   Specifically, the 
rechargeable capacity of LAMO is observed to be 105 mAh g
-1
, so that 50 mAh g
-1
 of 
the degree of oxidation correspond to 48 % of SOCp.    
The SOC of a negative electrode is equally defined by the degree of reduction 
in % with respect to the rechargeable capacity to the fully reduced state as  
 
SOCn = the degree of reduction in mAh g
-1
 / rechargeable capacity to the fully 
reduced state in mAh g
-1
 x 100   (4), 
 
in which SOCn denotes the SOC of the negative electrode.   The rechargeable 
capacity of LTO is observed to be 165 mAh g
-1
, so that 50 mAh g
-1
 of the degree of 
reduction correspond to 30 % of SOCn.    
When a battery is designed as SOCp = SOCn in a fresh cell, it is called as the 
well-balanced cell.   However, the battery capacity is usually limited by the 
positive- or negative-electrode capacity.   Therefore, the battery is usually charged 
until SOCp or SOCn reaches 100 % and discharged until SOCp or SOCn reaches 0 % 
for a deep charge and discharge cycle [4, 7]. 
 
3. 3 Experimental 
 
3. 3. 1 Electrochemical cell 
 
Lithium aluminum manganese oxide (LAMO) of Li[Li0.1Al0.1Mn1.8]O4 and 
lithium titanium oxide (LTO) of Li[Li1/3Ti5/3]O4 used are the same as described in 
Chapters 1 and 2.   To prepare the LAMO- or LTO-electrode, black viscous slurry 
was cast onto aluminum foil with a blade, which consisted of 88 wt% of LAMO or 
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LTO, 6 wt% of acetylene black (AB), and 6 wt% of polyvinylidene fluoride (PVdF) 
dispersed in N-methyl-2-pyrrolidone (NMP).   NMP was evaporated at 60
o
C for 1 h, 
and finally the electrodes were dried under vacuum at 140
o
C for at least 12 h.   
Geometrical electrode area is 2 cm
2
 (16.0 mm dia.).   Lithium-negative electrode 
was prepared by pressing a lithium foil onto a stainless steel plate.   The lithium 
foil was freshly rolled a lithium chip cut out from a lithium rod (purity 99 % Rare 
Metallic Co. Ltd., Japan).   The electrolyte used was 1 M LiPF6 dissolved in 
ethylene carbonate (EC) / dimethyl carbonate (DMC) (3/7 by volume) solution 
(Kishida Chemical Co. Ltd., Japan).   Electrochemical cells used are the same as 
described in 1. 2. 1. 
 
3. 3. 2 Electrochemical cell with an auxiliary lithium electrode 
 
In addition to a two-electrode configuration, such as Li/LTO, Li/LAMO, 
LTO/LTO, and LAMO/LAMO cells, a three-electrode configuration consisting of 
positive, negative, and auxiliary lithium electrodes is used.   Figure 3. 1 shows a 
schematic illustration of an electrochemical cell used for electrochemical 
measurements with an auxiliary lithium electrode.   An auxiliary lithium electrode 
was placed around the positive and negative electrodes.   The electrode potentials 
of the positive and negative electrodes were recorded with respect to an auxiliary 
lithium electrode together with the terminal voltage.  
 
3. 3. 3 Zero-volt lithium-ion cell with symmetrical parallel-plate electrode  
configuration 
 
The LTO/LTO and LAMO/LAMO cells are zero-volt lithium-ion cells 
consisting of two identical electrodes.   The electrodes are placed in the 
symmetrical parallel-plate electrode configuration, called SPEC [13].   These cells 
are fabricated in the same way as described in Chapter 2.   Two identical LAMO- 
or LTO-electrodes in terms of electrode weight and thickness are prepared and 
examined.   When the rechargeable capacity is confirmed to be the same between 
two, one is fully charged and the other is fully discharged in lithium cells, and then  
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Fig. 3. 1 A schematic illustration on an electrochemical cell with three electrode 
configuration.   A cell consists of (a) stainless steel case, (b) V-shaped spring, (c) 
stainless steel sheet, (d) negative electrode, (e) separator, (f) an auxiliary lithium 
electrode consisting of lithium metal pressed onto the stainless steel frame, (g) 
positive electrode, (h) Teflon, (i) aluminum sheet, (j) Teflon, and (k) stainless steel 
case. 
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the cells are disassembled in an argon-filled glove box.   The fully charged and 
fully discharged electrodes are placed in a fresh cell to form the LTO/LTO or 
LAMO/LAMO cell. 
     Other sets of experimental conditions are described in results and discussion 
section. 
 
3. 4 Results and Discussion 
 
3. 4. 1 Unexpected capacity fading observed for the LTO/LAMO cells  
 
In order to show unexpected capacity fading of the LTO/LAMO cells, the 
results on Li/LTO and Li/LAMO cells are briefly described below.   Figure 3. 2 
shows the charge and discharge curves of Li/LTO and Li/LAMO cells operated at 
55
o
C.   Initial 20 cycles are shown in this figure.   To estimate possible capacity 
fading of the LTO/LAMO cells, the charge and discharge curves observed from 
Li/LTO and Li/LAMO cells are illustrated in the same figure with respect to the 
capacity in mAh, not specific capacity in mAh g
-1
.   As clearly seen in Fig. 3. 2, the 
Ah-efficiency of the Li/LTO cell is very close to 100 % [14], which is always better 
than that of the Li/LAMO cell.   When LTO is combined with LAMO in a cell, the 
results in Fig. 3. 2 suggest that the cell capacity fades cycle by cycle.   The 
capacity fading is described in terms of SOCp and SOCn.   After the initial cycle, 
the lithium-ion cell consisting of LTO and LAMO in Fig. 3. 2 is expected to operate 
under such conditions that the cell is charged until SOC n reaches 100 % and 
discharged until SOCp reaches 0 %.   Consequently, the region between SOCn = 
100 % and SOCp = 0 % in Fig. 3. 2 decreases, resulting in capacity fading.   In the 
discharged LTO/LAMO cell, LAMO is fully reduced state with SOC p = 0 % and LTO 
is in the certain SOCn somewhere between 0 and 100 %.   In other words, the 
LTO-negative electrode is expected to remain the capacity to be able to discharge in  
the discharged LTO/LAMO cell.   However, the experimental results on the cycle 
tests of LTO/LAMO cells at 55°C are the reverse [2].   In order to show this 
specifically, a LTO/LAMO cell is operated at 55°C in the three-electrode 
configuration.    
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Fig. 3. 2 Charge and discharge curves of (a) Li/LAMO and (b) Li/LTO cells operated 
at 0.5 mA cm
-2
 at 55
o
C in voltages ranging from (a) 3 to 4.5 V and (b) 1 to 3 V.  
Initial 20 cycles are shown.   Electrode mixes used are 44.7 mg with 132 μm thick 
for the LAMO electrode and 31.9 mg with 129 μm thick for the LTO electrode.  
 
 
Figure 3. 3 shows the charge and discharge curves of the cell operated at 5.1 
mA cm
-2
 in voltage ranging from 0 to 3 V at 55
o
C.   Curve (a) in Fig. 3. 3 is the 
terminal voltage of the LTO/LAMO cell while (b) and (c) are the electrode potentials 
of the LAMO-positive and LTO-negative electrodes, respectively, monitored with 
respect to an auxiliary lithium electrode.   The first charge and discharge curve 
shows that the LAMO-positive electrode operates between 0 and 100 % in SOCp and 
the LTO-negative electrode operates between 0 and SOCn (≈ 100 %), indicating that 
the cell capacity is approximately well-balanced.   After the initial cycle, when the 
cell is discharged to 0 V, the electrode potential of the LTO-negative electrode 
sharply increases to above 3.5 V vs. Li, at which SOCn = 0 %, while the electrode 
potential of the LAMO-positive electrode stays at 4 V.   When the voltage profiles  
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Fig. 3. 3 Charge and discharge curves of the LTO/LAMO cell operated at 5.1 mA 
cm
-2
 in voltages ranging from 0 to 3 V at 55
o
C; (a) terminal voltage of the 
LTO/LAMO cell.   The electrode potentials of (b) the LAMO-positive and (c) 
LTO-negative electrodes are also shown with respect to an auxiliary lithium 
electrode.   To illustrate the figure, the curves are superposed on the first charge 
and discharge curve.   Electrode mixes used are 57.9 mg with 157 μm thick for the 
LAMO electrode and 35.9 mg with 136 μm thick for the LTO electrode.  
 
 
of the LAMO-positive and LTO-negative electrodes in Fig. 3. 3 are compared to 
those in Fig. 3. 2, the situation in Fig. 3. 3 is opposite to that expected.   In order to 
confirm the situation, the cell after 400 cycles at 55°C is cycled at room temperature.     
Figure 3. 4 shows the charge and discharge curves of the LTO/LAMO cell 
operated in voltage ranging from 0 to 3 V at 0.5 mA cm
-2
 at room temperature before 
and after 400 cycles at 55°C.   Before the cycle test, the electrode potential of the 
LAMO-positive electrode sharply increases at the end of charge, i.e., SOC p = 100 %, 
and decreases at the end of discharge, i.e., SOCp = 0 %.   After 400 cycles at 55°C,  
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Fig. 3. 4 Charge and discharge curves of the LTO/LAMO cell operated at 0.5 mA 
cm
-2
 at room temperature in voltages ranging from 0 to 3 V.   Terminal voltages (a) 
and (d) are respectively before and after 400 cycles at 55
o
C as shown in Fig. 3. 3.   
The electrode potentials of the LAMO-positive electrode, (b) and (e), and those of 
the LTO-negative electrode, (c) and (f), are shown with respect to an auxiliary 
lithium electrode before and after 400 cycles, respectively.   
 
 
the electrode potential of the LAMO-positive electrode increases at the end of charge, 
where SOCp = 100 %, and that of the LTO-negative electrode sharply increases at the 
end of discharge, where SOCn = 0 %.   In other words, the sharp increase in the 
terminal voltage of the LTO/LAMO cell to 3 V at the end of charge is due to the 
LAMO-positive electrode and the sharp decrease in voltage to 0 V at the end of 
discharge is due to the LTO-negative electrode.   If the capacity fading in Figs. 3. 3 
and 3. 4 in terms of the imbalance in SOC was straightforwardly explained, the 
Ah-efficiency of Li/LAMO cell should be better than that of Li/LTO cell.   The fact 
is the reverse as clearly seen in Fig. 3. 2.   This cannot be explained from the basic 
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research results obtained for the Li/LAMO and Li/LTO cells.    
 
3. 4. 2 Measurements of the rate of side reaction at the LTO or LAMO electrode 
by a symmetrical parallel-plate electrode configuration (SPEC) method 
 
In order to solve the problem on the inconsistent results among Li/LTO, 
Li/LAMO, and LTO/LAMO cells described above, the possible side reactions at the 
positive and negative electrodes were considered.    
In Li/LTO and Li/LAMO cells, the lithium electrode is 15 – 50 μm away from 
the positive electrode, depending on the thickness of separator.   Lithium is the 
strongest reducing agent among the chemical species, so that any chemical species is 
potentially reduced on the lithium electrode.   The electrolyte and separator are 
exposed to such a reducing environment.   When a certain chemical species is 
reduced at the lithium electrode and it diffuses to the positive electrode, the positive 
electrode is always reduced due to the lithium electrode via a certain chemical 
species.   If such a certain chemical species reacting with lithium is assumed, the 
Ah-efficiency observed for the Li/LTO and Li/LAMO cells can be explained.   In 
the LTO/LAMO cell, the strongest reducing agent of lithium does not exist.   The 
electrolyte and separator are exposed to the potential ranging from 1.4 to 4.5 V vs. 
Li as seen in Figs. 3. 3 and 3. 4, never exposed to 0 V vs. Li.    
To measure the rate of side reaction at the LTO-negative or LAMO-positive 
electrode, a problem is how to avoid the effect of a counter elec trode.   This can be 
solved introducing a SPEC method to the measurements of the rate of side reaction 
at the LTO or LAMO electrode.   In this method, the identical two LTO or LAMO 
electrodes are used, so that the operating voltage is quite low, virtually zero for the 
LTO/LTO cell.   The identical two electrodes mean the same weight and thickness, 
except SOC.   In fabricating the cell, one is fully charged and the other is fully 
discharged in lithium cells, and then they combine in a fresh cell.   Validity and 
reproducibility of this SPEC method have already been confirmed in Chapter 2.    
Figure 3. 5 shows the charge and discharge curves of the LAMO/LAMO cell 
operated at 0.25 mA cm
-2
 in voltage ranging from –1 to +1 V at room temperature for 
5 cycles.   The terms “charge” and “discharge” are no meaning in describing the  
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Fig. 3. 5 Charge and discharge curves of the zero-volt lithium-ion cell of LAMO 
operated at 0.25 mA cm
-2
 in voltage ranging from –1 to +1 V at room temperature.   
Initial 5 cycles are shown.   The LAMO-electrode mixes used are 44.2 mg with 140 
μm and 44.3 mg with 134 μm thick.  
 
 
cell operation because of the symmetrical electrode configuration of LAMO.   In 
this chapter, increasing voltage in Fig. 3. 5 is called “charging” and decreasing 
voltage “discharging”.   Because the both electrodes are LAMO with the same 
weight and thickness, the charge and discharge curve is symmetric with respect to a 
point at 0 V with 2 mAh, and consequently the average operating voltage is 0 V.   
As seen in Fig. 3. 5, the cell is stably cycled with the rechargeable capacity of ca. 
100 mAh g
-1
 based on the LAMO weight, indicating that the LAMO/LAMO cell is 
properly fabricated for the measurements of the rate of side reaction at the LAMO 
electrode.   At the end of charge or discharge, one electrode is in the reduced form 
of LAMO and the other in the oxidized form.   During charge and discharge, one 
electrode is oxidized and the other is reduced, and vice versa.   The electrolyte and 
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separator are always exposed to the potential ranging from 3.5 to 4.5 V vs. Li.   
After 5 cycles at room temperature, the cell is heated to 55
 o
C and stored for 5 h, and 
then the cell is cycled at 0.5 mA cm
-2
 in voltages ranging from –1 to +1 V.   Results 
are shown in Fig. 3. 6.   The rechargeable capacity decreases and polarization 
increases by cycling.   Although the increase in polarization is observed in Fig. 3. 
6, the change in polarization is not discussed, which is out of scope in this  chapter.   
The capacity fading is mainly focused on.    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. 6 Selected charge and discharge curves of the LAMO/LAMO cell operated at 
0.50 mA cm
-2
 in voltages ranging from –1 to +1 V at 55oC.   Charge and discharge 
curves at (a) 1st, (b) 30th, (c) 60th, (d) 91st, or (e) 122nd cycle are shown in this 
figure.  
 
 
Similarly, the LTO/LTO cell is fabricated and examined.   Figure 3. 7 shows 
the charge and discharge curves of the zero-volt lithium-ion cell of LTO operated at 
0.5 mA cm
-2
 in voltage ranging from –0.5 to +0.5 V at 55oC.   The cell history is 
64 
 
the same as described for the LAMO/LAMO cell.   Because LTO shows the flat 
operating voltage of 1.55 V against lithium, the operating voltage of an LTO/LTO 
cell is quite flat at 0 V, indicating that all chemical species inside  the cell are 
exposed to the potential ranging from 1.3 to 1.8 V, mainly at 1.55 V vs. Li.   An 
increase in polarization cannot be seen in Fig. 3. 7, which is different from that for 
LAMO in Fig. 3. 6.    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. 7 Selected charge and discharge curves of the LTO/LTO cell operated at 0.50 
mA cm
-2
 in voltages ranging from –0.5 to +0.5 V at 55oC.   Charged and discharge 
curves at (a) 1st, (b) 30th, (c) 63rd, (d) 99th, (e) 137th, or (f) 180th cycle are shown 
in this figure.   The LTO-electrode mixes used are 32.5 mg with 126 μm and 32.6 
mg with 125 μm thick.  
 
 
The rechargeable capacities in mAh g
-1
 as a function of time in h are shown in 
Fig. 3. 8.   The rechargeable capacities linearly decrease as a function of time for 
both cells except for the initial 200 h for the LTO/LTO cell, suggesting that the 
electrolyte consisting of EC, DMC, and LiPF6 always reacts with the reduced form  
65 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. 8 Rechargeable capacities observed for (a) the LTO/LTO cell in Fig. 3. 7 and 
(b) the LAMO/LAMO cells in Fig. 3. 6 at 55
o
C.   The rate of side reaction is 
calculated from the straight lines by a least squares methods to be –4.4 μA g-1 for the 
LAMO electrode and +20.2 μA g -1 for the LTO electrode.   The plus and minus 
signs indicate anodic and cathodic current, respectively.  
 
 
of LTO and also with the oxidized form of LAMO.   Deviation from the straight 
line in initial 200 h may be due to a reaction of impurity, such as water, 
contaminated when the LTO/LTO cell is fabricated.   As clearly seen in Fig. 3. 8, 
the capacity fading of the LTO/LTO cell is faster than that of the LAMO/LAMO cell.   
The loss of capacity is due to side reaction occurring at the LAMO or LTO electrode.   
Therefore, the half of the slope of the straight line corresponds to the rate of side 
reaction at each electrode, because the side reaction occurs at both electrodes in the 
cell.   The current corresponding to the rate of side reaction is calculated by a least 
squares methods to be 20.2 µA g
-1
 based on the weight of LTO at the LTO-negative 
electrode and 4.4 µA g
-1
 at the LAMO-positive electrode.   Thus, the rates of side 
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reactions at the LTO-negative and LAMO-positive electrodes without any ambiguous 
effect of a counter electrode are possible to be determined.   When the values in µA 
g
-1
 based on the active material weight are compared, the rate of side reaction at the 
LTO electrode is 5 times larger than that at the LAMO electrode.   Because the 
rechargeable capacity of LTO is 165 mAh g
-1
 and that of LAMO is 105 mAh g
-1
, the 
rate of side reaction at the LTO-electrode is 3 times larger than that at the LAMO 
electrode in a balanced cell.   Thus, the observation  for the LTO/LAMO cell at 
55°C shown in Figs. 3. 3 and 3. 4 can be explained. 
 
3. 4. 3 Capacity fading due to the imbalance of SOC between the positive and 
negative electrodes 
 
No side reaction on both LTO-negative and LAMO-positive electrodes is ideal, 
but it is not a realistic view of long-life batteries under consideration.   Strong 
oxidizing or reducing agent is used as a positive or negative electrode in lithium -ion 
batteries.   The electrolyte is organic solvents containing a lithium salt.   Organic 
solvents consisting of hydrogen, carbon, and oxygen are usually oxidized or reduced 
under an appropriate condition by oxidizing or reducing agents, respectively.   In 
order to find a possible solution to extend cycle life in a realistic way, capacity 
fading due to the imbalance of SOC between the positive and negative electrodes is 
discussed in terms of the external current on charge and discharge, the rate of side 
reaction, and the effective current affecting SOC.    
Figure 3. 9 shows the schematic illustrations on cell reactions to explain how 
side reactions affect the SOC of the LAMO-positive and LTO-negative electrodes.   
Situation (a) is an open-circuit condition for the charged cell.   In order to explain 
previous results, it is assumed that the LAMO-positive electrode is always reduced 
and the LTO-negative electrode is always oxidized due to side reactions.   In other 
words, a certain chemical species, such as solvent molecules, is oxidized at the 
LAMO-electrode and is reduced at the LTO-negative electrode.   Consequently, the 
LAMO-electrode is reduced with inserting lithium ions at a rate of I s,p, i.e., the self 
discharge of the LAMO-positive electrode due to the side reaction at the positive 
electrode.   Similarly, the LTO-negative electrode is always oxidized with  
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Fig. 3. 9 A schematic illustration on cell reactions to explain how side reactions 
affect the SOC of the positive and negative electrodes, leading to capacity failure.   
Situation (a) depicts an open-circuit condition for the charged cell.   Situations (b) 
and (c) are on discharge and charge, respectively.   Current flowing from left to 
right is “discharging” and that in opposite direction is “charging”.   Current due to 
side reactions always flows from left to right,  meaning always discharging.   The 
length of the arrow approximately indicates each value.  
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extracting lithium ions, coupled with the reduction of a certain chemical species, at a 
rate of Is,n, i.e., the self discharge of the LTO-negative electrode due to the side 
reaction at the negative electrode.   It should be noted here that the LAMO -positive 
electrode is always reduced or discharged and the LTO-negative electrode is always 
oxidized or discharged due to the side reactions.   Consequently, the LTO/LAMO 
cell is always discharged due to the side reactions, i.e., self -discharge as will be 
discussed later.   In Fig. 3. 9, current flowing from left to right in the cell is 
“discharging” and that from right to left is “charging”.   The length of the arrow 
approximately indicates the magnitude of current to help understand what is 
discussed below.    
According to the results in Fig. 3. 8, the current due to the side reaction at the 
LTO-negative electrode is larger than that at the LAMO-positive electrode, i.e.,  
                      |Is,p| < |Is,n|      (5),     
where Is,p and Is,n are the current due to the side reactions at the positive and 
negative electrodes, respectively.   To avoid confusion between plus and minus, the 
absolute value of the current is used in eq. (5).    
When the cell is discharged at current Idis as shown in Fig. 3. 9(b), lithium ions 
are inserted into LAMO and extracted from LTO.   Because the side reactions 
always take place at both electrodes, lithium insertion reaction at the 
LAMO-positive electrode and lithium extraction reaction at the LTO-negative 
electrode are accelerated.   The relation among them is represented as  
            |Ieff, p | = |Idis | + |Is, p| and |Ieff, n| = |Idis | + |Is, n| on discharge   (6),   
where Ieff, p or n is the effective current affecting SOC of the positive or negative 
electrode, and Idis is the external current on discharge.    
Conversely, the effective current at both electrodes decreases on charge due to 
the side reactions, because the current due to side reactions is in the opposite 
direction to the applied external current, as shown in Fig. 3. 9(c).   Therefore, the 
effective current on charge is given by  
       |Ieff, p | = |Icha | – |Is, p|  and  |Ieff, n | = |Icha | – |Is, n | on charge  (7),  
where Icha is the applied external current on charge.   These equations indicate that 
the effective current affecting SOC is not the same as the applied external current 
due to side reactions.    
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When it is assumed that anodic current is positive and cathodic current is 
negative, eq. (6) and (7) can be represented as a simple form;  
             Ieff, p = Iext + Is, p  and  Ieff, n = Iext + Is, n  (8), 
where Ieff, p or n is the effective current for the lithium insertion or extraction 
reactions at the positive or negative electrode and Iext is the external current on 
charge or discharge.    
As clearly seen in these equations, if the current due to the side reaction at the 
positive electrode is the same as that at the negative electrode, i.e., |I s, p | = |Is, n|, the 
effective current affecting SOC of the positive and negative electrodes is the same.   
Consequently, capacity fading due to the imbalance of SOC between the positive and 
negative electrodes does not happen even when the side reactions are involved in the 
cell reaction [7, 15]. 
 
3. 4. 4 The cycle efficiency versus Ah-efficiency to extend cycle life for 
lithium-ion batteries 
 
As has been discussed briefly in the previous section, the effect of side 
reactions upon Ah-efficiency and cycle efficiency is important for  long-life 
lithium-ion batteries.   If the side reactions are involved in cell chemistry, 
Ah-efficiency defined by eq. (1) is below 100 %.   Therefore, the elimination of 
side reactions is essential if one pursues 100 % of Ah-efficiency, leading to no 
capacity fading.   However, it is very difficult to entirely eliminate side reactions, 
which is not realistic way to extend cycle life.   So, another way to extend cycle 
life is necessary.    
Figure 3. 10 shows the calculated charge and discharge curves of an 
LTO/LAMO cell at the first cycle, in which side reactions at both electrodes are 
taken into account.   To calculate the curves, capacities of both electrodes, Q p and 
Qn, are assumed to be the same as 5.0 mAh, i.e., well -balanced cell, and the current 
due to the side reaction at each electrode, Is, p and Is, n, are also assumed to be the 
same absolute value of 25 μA, i.e., Is, p = −25μA and Is, n = +25μA.   The external 
current Iext on charge and discharge is assumed to be the constant value of 1.0 mA.   
The SOC of positive and negative electrodes is calculated from I eff, p and Ieff, n using  
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Fig. 3. 10 Calculated charge and discharge curves of the LTO/LAMO cell having 5 
mAh capacity operated at 1 mA under such conditions that the current due to side 
reaction is –25 μA at the positive electrode and +25 μA at the negative electrode.  
 
 
eqs. (6) and (7) with the rechargeable capacity of 105 mAh g
-1
 for LAMO and that of 
165 mAh g
-1
 for LTO.   The electrode potentials of LTO and LAMO are related to 
each SOC, so that the charge and discharge curves can be calculated.   As clearly 
seen in Fig. 3. 10, the charge capacity is calculated to be 5.13 mAh, which is larger 
than the discharge capacity of 4.88 mAh due to side reactions assumed.   
Consequently, the Ah-efficiency is calculated to be 95 %.    
In order to show that this cell does not fade by cycling, the charge and 
discharge curves are calculated and shown in Fig. 3. 11.   The calculated electrode 
potentials of the LAMO-positive and LTO-negative electrodes are also shown.   
Although the charge and discharge curves move cycle by cycle from left to right in 
Fig. 3. 11, the voltage shape does not change, in which the LAMO-positive and 
LTO-negative electrodes operate between 0 and 100% of SOC, indicating no  
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Fig. 3. 11 Calculated charge and discharge curves of the LTO/LAMO cell.   The 
electrode potentials of (b) the LAMO-positive and (c) the LTO-negative electrode 
are shown in addition to (a) the terminal voltage.   Initial 5 cycles are shown.   
The conditions are the same as described in Fig. 3. 10.  
 
 
capacity fading.   This is better illustrated in Fig. 3. 12.   The Ah-efficiency is 
always 95 % during 100 cycles, but capacity does not fade.   As clearly seen in Fig. 
3. 12, the cycle efficiency defined by eq. (2) is calculated to be 100 %, indicating no 
capacity fade.    
The above argument is also valid in describing self-discharge of the cell.   
When the cell in Fig. 3. 10 is stored under an open-circuited condition after charging, 
the cell capacity decreases as a function of time due to the side reactions.   Because 
the current of 25 μA is assumed for both electrodes in Fig. 3. 10, the self-discharge 
rate is 25 μA and the cell capacity is 5.0 mAh, so that the cell capacity is zero after 
200 h.   However, the capacity is recoverable when the cell is charged.   As can  
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Fig. 3. 12 Calculated charge and discharge capacities as a function of cycle number; 
(a) charge capacity, (b) discharge capacity, and (c) Ah-efficiency.   Cell capacity 
does not fade in spite of 95 % of Ah-efficiency. 
 
 
be easily imagined in Fig. 3. 11 with Fig. 3. 9, there are two types of capacity loss 
due to self-discharge.   One is recoverable and the other is unrecoverable after 
charging [4, 7, 16, 17].   The unrecoverable capacity in self-discharge tests is the 
same as the loss of rechargeable capacity after the same hours of operation in cycle 
tests.    
As have been described above, when the rate of side reaction at the positive 
electrode is the same as that at the negative electrode, the rechargeable capacity does 
not fade and the cell capacity is recoverable even after the cell is entirely 
self-discharged.   When the rate of side reaction at the negative electrode is 
different from that at the positive electrode, the rechargeable capacity fades and the 
unrecoverable capacity increases on storage of the cell.   Suppose Is, p = –10 μA 
and Is, n = +25 μA substituting for Is, p = –25 μA and Is, n = +25 μA in the previous 
case, and the charge and discharge curves for the initial 5 cycles were calculated.    
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Fig. 3. 13 Calculated charge and discharge curves of the LTO/LAMO cell having 5 
mAh capacity operated at 1 mA under such conditions that the current due to side 
reaction is –10 μA at the positive electrode and +25 μA at the negative electrode.  
The electrode potentials of (b) the LAMO-positive and (c) the LTO-negative 
electrode are shown in addition to (a) the terminal voltage.  Initial 5 cycles are 
shown.  The cell capacity fades due to the different rates of side reactions between 
the positive and negative electrodes.  
 
 
The results are shown in Fig. 3. 13.   When the cell is charged, the operating 
voltage sharply increases at the end of charge, at which the potential of 
LAMO-positive electrode sharply increases while the potential of LTO-negative 
electrode stays at 1.55 V vs. Li.   Conversely, when the cell is fully discharged, the 
potential of LTO-negative electrode sharply increases at the end of discharge 
whereas the potential of LAMO-positive electrode stays at 4 V vs. Li.   At the 5th 
cycle, SOCp = 100 % and SOCn = 87.3 % at the end of charge, and SOCp = 13.9 % 
and SOCn = 0 % at the end of discharge.   As seen in Fig. 3. 13, the cell capacity 
fades 13.9 % of the initial capacity after 5 cycles in this case, indicating that the 
difference in SOC between the positive and negative electrodes is derived from the 
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different rates of side reactions at the positive and negative electrodes.    
 
3. 5 Summary 
 
Capacity fading of the cell consisting of lithium titanium oxide (LTO; 
Li[Li1/3Ti5/3]O4) and lithium aluminum manganese oxide (LAMO; 
Li[Li0.1Al0.1Mn1.8]O4) is examined in a three-electrode configuration at 55°C.   
Capacity fading observed during 400 cycles at 55°C is explained in terms of the state 
of charge (SOC) of the LTO-negative and LAMO-positive electrodes.   At the 
discharge-end voltage of 0 V for the LTO/LAMO cell, the SOC of LTO is always 0 % 
although LAMO is expected to be 0 % in its SOC from the basic research results on 
Ah-efficiency obtained in Li/LTO and Li/LAMO cells.   In order to understand the 
anomalous capacity fading, the LTO/LTO and LAMO/LAMO cells are fabricated and 
examined at 55°C, and the current due to the side reactions at the LTO and LAMO 
electrodes is determined.   The current at the LTO electrode is much larger than 
that at the LAMO electrode.   These results suggest that it is effective to adjust the 
rates of side reactions between the positive and negative electrodes together with the 
improvement of the Ah-efficiency as close as 100 % in order to extend the cycle life 
of the lithium-ion batteries.    
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Chapter 4 
Characterization of Lithium Insertion Electrodes and Its 
Verification: Prototype 18650 Batteries Consisting of 
LTO and LAMO 
 
4. 1 Introduction 
 
In Chapter 2, the method to characterize lithium insertion electrodes in terms 
of the area-specific impedance (ASI) in Ω cm2 together with the area-specific 
capacity (ASC) in mAh cm
-2
 has been reported.   In order to verify the proposed 
method, the experimental results taken in the laboratory cells combined with lithium 
insertion electrodes were analyzed in a self-consistent manner.   Objective of a 
series of trials on the lithium insertion electrodes has been to fill a gap between 
basic and applied researches associated with lithium insertion electrodes.   There 
seems to be an immiscible gap between basic researchers in electrochemistry and 
battery researchers including engineers in industry with respect to terminology 
developed in each field.   In order to bridge the immiscible gap between two fields, 
it is necessary to verify the concept on the characterization of lithium insertion 
electrodes under consideration.    
     In a final chapter, the performance of prototype 18650-batteries consisting of 
the LTO and LAMO electrodes characterized in terms of ASC and ASI is described 
and discussed as to how the battery performance can be understood from the basic 
results on the electrodes, what is the meaning of the internal resistance of the battery 
in relation to ASI and rate-capability, and how to measure the internal resistance of 
the battery.    
 
4. 2 Experimental 
 
4. 2. 1 18650-cylindrical battery 
 
     Lithium aluminum manganese oxide (LAMO; Li[Li 0.1Al0.1Mn1.8]O4) and 
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lithium titanium oxide (LTO; Li[Li1/3Ti5/3]O4) used are the same as those described 
in previous chapter.   The LAMO-positive electrodes were prepared by blending 
LAMO, acetylene black (AB), and polyvinylidene fluoride (PVdF) in the weight 
ratio of 100:5.3:1.7, respectively, in N-methyl-2-pyrrolidone (NMP), coating on both 
sides of aluminum foil 15 μm thick with a coater, and pressing to obtain an even 
thickness of the desired value.   The LTO-negative electrodes were prepared by the 
same method except its composition, i.e., LTO:AB:PVdF = 100:7:3 by weight.   
The electrodes were heated at about 100°C to remove NMP.   The positive and 
negative electrodes were dried at 100°C for 12 h under vacuum before use.   The 
separator used is a cellulose paper 20 μm thick.   The electrolyte used is 1 M LiPF6 
ethylene carbonate (EC)/dimethyl carbonate (DMC) (3/7 by volume) solution.   
     To fabricate the 18650-cylindrical batteries (18 mm in diameter and 65.0 mm 
in height), the LAMO-positive and LTO-negative electrodes were wound together 
with separators to make an element and then sealed in an 18650-cylindrincal case 
with the electrolyte.   The weight of LAMO-positive electrode mix is 11.57 g and 
that of LTO-negative electrode mix is 7.21 g in the battery.   The positive and 
negative electrodes are 157 and 130 μm in thickness, respectively, including 15 μm 
of aluminum foil.   The geometrical electrode areas are calculated to be 597 and 
656 cm
2
 for the positive and negative electrodes, respectively, so that the active 
electrode area is 597 cm
2
 in this case.   The weight of LAMO loaded on the 
electrode is 18.5 mg cm
-2
 and that of LTO is 10.7 mg cm
-2
.   The fresh batteries are 
first charged at 100 mA for 2 h and discharged to 2 V, which is repeated twice, and 
then the batteries are cycled at 200 mA in voltage ranging from 2.0 to 2.7 V for two 
times.   After discharge to 2.0 V, the batteries are charged to 2.7 V successively at 
200, 100, and 50 mA with a 20 min-rest period after each charge to 2.7 V.   The 
fully charged batteries are stored or aged for a week at room temperature before 
battery testing.      
 
4. 2. 2 Electrochemical laboratory cells 
 
     The LAMO and LTO electrodes used in fabricating 18650-batteries are 
characterized in terms of ASC and ASI in laboratory cells.   The area-specific 
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deformation in μm (mAh cm-2)-1 is also measured by a dilatometer described in 
literature [1].   Because the electrode mix is coated in both sides, the electrode mix 
on one side is carefully wiped off by using a laboratory tissue with NMP, and finally 
aluminum foil is cleaned using a tissue.   The electrodes are punched out into a 
disk (16 mm of diameter, 2 cm
2
).   Lithium electrodes are prepared by cutting a 
piece from a lithium rod, rolling it into a sheet, and pressing it onto a stainless steel 
sheet.   Electrochemical cells used to characterize the electrodes are the same as 
described in a previous chapter.   In fabricating the cells, all the cell parts except 
the electrolyte and lithium metal are dried under vacuum at about 60°C at least 2 h 
before cell fabrication to avoid possible contamination with water.   After the 
electrodes and a separator are placed inside a cell, 0.2 m L of electrolyte are 
introduced by using a 1-mL glass syringe.   All the cell components including the 
electrolyte are the same as those used in fabricating the 18650-batteries unless 
otherwise noted.   All procedures for handling and fabricating the electrochemical 
cells are performed in an argon-filled glove box. 
 
4. 2. 3 Impedance measurements 
 
Impedance measurements are performed by using the frequency-response 
analyzer (Solartron 1250) connected to a potentiostat (Solartron SI1287).   The 
frequency is scanned stepwise in a frequency range between 0.01 and 63500 Hz with 
5 steps per decade.   Other sets of experimental conditions are given in the resu lts 
and discussion section.    
 
4. 3 Results and Discussion 
 
4. 3. 1 Area-specific capacity of the LTO and LAMO electrodes  
 
In order to determine the area-specific capacity of the LTO and LAMO 
electrodes, the electrodes were examined in lithium cells.   Th e charge and 
discharge curves of the cells examined at 0.25 mA cm
-2
 are shown in Fig. 4. 1.   
The area-specific capacity of the LAMO electrode is observed to be 1.80 mAh cm
-2
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Fig. 4. 1 Charge and discharge curves of (a) LAMO and (b) LTO electrodes 
examined at a rate of 0.25 mA cm
-2
 in lithium cells at 25°C.   Two results for each 
electrode are shown in the figure.   To avoid loose short on charge, two sheets of 
microporous membrane (Celgard 2500) are used as a separator.  
 
 
and that of the LTO electrode 1.75 mAh cm
-2
.   While the charge and discharge 
curves of the LTO electrodes are distinguishable between two electrodes, 1.75 mAh 
cm
-2
 rather than 1.73 mAh cm
-2 
is selected, because the LTO-electrode mix tends to 
detach from aluminum foil when the electrode mix is removed at the back side of the 
electrode by NMP and the electrode is handled to make 2 cm
2
 electrodes.   The 
observed area-specific capacities are agreed with the expected values, i.e., 1.85 mAh 
cm
-2
 for LAMO calculated from 18.5 mg cm
-2
 of LAMO loaded and 100 mAh g
-1
 of 
the specific capacity and 1.77 mAh cm
-2
 for LTO calculated from 10.7 mg cm
-2
 and 
165 mAh g
-1
.   Thus the LTO and LAMO electrodes have been characterized in 
terms of the area-specific capacity. 
     Figure 4. 2 shows the charge and discharge curves of a cell consisting of the  
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Fig. 4. 2 Charge and discharge curves of a LTO/LAMO cell operated at a rate of 0.25 
mA cm
-2
 at 25°C.   Three cycles operated in voltage ranging from 1.5 to 3.0 V are 
shown in the figure. 
 
 
LTO and LAMO electrodes.   The cell is operated at 0.25 mA cm
-2 
in voltage 
ranging from 1.5 to 3.0 V.   Although the first charge curve is different from the 
subsequent steady-state charge and discharge curves, the cell operates with the 
rechargeable capacity of 1.65 mAh cm
-2
, which is slightly lower than the expected 
value of 1.75 mAh cm
-2
 for some reason.    
 
4. 3. 2 Area-specific impedance of the LTO and LAMO electrodes  
 
Figure 4. 3 shows the potential profile on charge and discharge as a functi on 
of the state-of-charge (SOC) of a LTO/LAMO cell.   In order to illustrate the 
potential profile, data are taken from the steady-state charge and discharge curves in 
Fig. 4. 2.   Open circles denote the open-circuit voltage, at which the impedance of  
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Fig. 4. 3 Potential profile of the LTO/LAMO cell as a function of the state of charge 
(SOC) of the cell.   Open circles indicate open-circuit voltages (OCV) at which the 
cell impedance is measured, i.e., 1.802 V at 0% SOC, 2.354 V at 5%, 2.385 V at 10%, 
2.434 V at 25%, 2.503 V at 50%, 2.571 V at 75%, 2.603 V at 90%, 2.618 V at 95%, 
and 2.683 V at 100%.    
 
 
the cell was measured.   Figure 4. 4 shows the area-specific impedance for an 
electrode couple of LTO and LAMO examined in a laboratory ce ll at 25°C.   The 
phase shift is always negative, indicative of resistive and capacitive components for 
a LTO/LAMO cell.   The absolute values of the complex impedance ׀Z׀ decrease 
from ca. 18 to 12 Ω cm2 when the frequency increases from 0.1 Hz to 1 kHz, where 
phase angles are close to 0° in all the SOC except 0 and 100% SOC.   At SOC = 0 
and 100%, one of the electrodes in the cell behaves like a polarizable electrode [2, 
3].    
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Fig. 4. 4 The Bode plots of impedance spectra observed for an LTO/LAMO cell at 
several SOCs at 25°C. 
 
 
4. 3. 3 Area-specific deformation of a Single LAMO electrode 
 
Figure 4. 5 shows the area-specific deformation in μm/(mAh cm-2) [1] together 
with the charge and discharge of an LTO/LAMO cell operated at 0.25 mA cm
-2
 in 
voltage ranging from 1.5 to 3.0 V.   The electrode mix consists of 88 -weight 
percents (wt%) active material , 6wt% AB, and 6wt% PVdF.   A 37.4 -mg 
LTO-electrode mix 143.8 μm thick and 43.6-mg LAMO-electrode mix 151.0 μm 
thick on aluminum foil 113 μm thick are used in a flexible bag cell.   The separator 
used is polypropylene nonwoven cloth 44 μm thick.   The electrodes and a 
separator are not the same as those prepared for the fabrication of 18650 batteries.   
Although every trial has been done to set them in a flexible bag cell, all trials have 
been failed due to technical problems on handling the electrodes.   Some of them  
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Fig. 4. 5 The area-specific deformation in μm/(mAh cm-2) of an electrode couple of 
LTO and LAMO electrodes observed by using a flexible bag cell operated at 0.25 mA 
cm
-2
; (a) area-specific deformation of an electrode couple of LTO and LAMO and (b) 
cell voltage as a function of time.    
 
 
are scratched with a non-metallic tweezers and some of them are awry or sometimes 
crease because the electrodes are so thin to make a flexible bag cell flat, so that the 
dilatometric signals together with electrochemical data have not been obtained 
properly.   It is necessary to improve a basic technique to fabricate flexible bag 
cells for dilatometry. 
     According to a basic result on the area-specific deformation of a single LAMO 
electrode, a LAMO electrode expands and contracts by 1 μm/(mAh cm-2).   In other 
words, the change in thickness is approximately proportional to the electricity stored 
in and delivered from the electrode by 1 μm/(mAh cm-2).    
 
4. 3. 4 Nominal capacity of the prototype 18650-battery 
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In order to determine the nominal capacity of a prototype 18650-battery 
consisting of the LTO and LAMO electrodes, the battery is continuously operated at 
200 mA in voltage ranging from 2.0 to 2.8 V at 25°C.   The charge and discharge 
curves from the 1st to 10th cycle are shown in Fig. 4. 6.   The potential profile is 
exactly the same as that observed in Fig. 4. 2.   The rechargeable capacity observed 
from the steady-state charge and discharge curves is 1.0 Ah, so that the nominal 
capacity is determined to be 1.0 Ah.   Because the nominal capacity has already 
been known, a current of 200 mA can be represented as 1/5C A, in which C is the 
nominal capacity of 1.0 Ah.   In this paper, the current in mA or A is used in order 
to avoid the confusion of C-rate with hour-rate.   To be precise, the nominal 
capacity determined at a five-hour rate is 1.0 Ah in this case [4].   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. 6 Charge and discharge curves of a prototype 18650-battery consisting of 
LTO and LAMO operated in voltage ranging from 2.0 to 2.8 V at 200 mA for 10 
cycles.   The nominal capacity is determined to be 1 Ah, so that the current can be 
represented as 0.2C A in which C is the nominal capacity.  
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     The area-specific capacities observed in Fig. 4. 1 are 1.80 and 1.75 mAh cm
-2
 
for the LAMO and LTO electrodes, respectively.   The area-specific capacity 
observed for an electrode couple of the LTO and LAMO electrodes in Fig. 4. 2 is 
1.65 mAh cm
-2
.   From the area-specific capacity of 1.65 – 1.75 mAh cm-2 and the 
active electrode area of 594 cm
2
, the rechargeable capacity of the prototype 
18650-battery is expected to be 980 – 1040 mAh.   The nominal capacity of 1.0 Ah 
determined is consistent with the calculated value.    
     Figure 4. 7 shows the cycle performance of the 18650-battery examined at 
25°C in voltage ranging from 2.0 to 2.8 V at a rate of 1.0 A for 200 cycles.   As can 
be seen in Fig. 4. 7, the LTO/LAMO battery is excellent in terms of cycle -ability. 
The Ah-efficiency calculated from the charge and discharge capacities cumulated 
during 200 cycles is 100.052%, which exceeds 100%, probably due to previous 
history of the battery, such as pre-treatment and aging.   Thus, the nominal 
capacity of secondary 18650-battery is determined to be 1.0 Ah. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. 7 Charge and discharge capacities of a prototype 18650-battery consisting of 
LTO and LAMO as a function of cycle number.   The battery is continuously 
operated at 25°C in voltage ranging from 2.0 to 2.8 V at 1 A for 200 cycles.  
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4. 3. 5 Impedance of the prototype 18650-battery 
 
Figure 4. 8 shows the Bode plots of impedance spectra observed for the 
prototype 18650-battery.   In measuring the impedance spectra at SOC = 0 and 
100%, a signal of the sinusoidal voltage with peak amplitude of 10 mV is imposed to 
the open-circuit voltage.   For other SOCs, a signal of the sinusoidal current with 
peak amplitude of 10 mA is imposed to the battery in order not to disturb the SOC 
during the impedance measurements.   The current of 10 mA is selected in such a 
way that resulting perturbation in voltage is below a few milli-volts because the 
polarization of lithium insertion electrodes is still a debatable subject at present  [2, 3, 
5–7]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. 8 The Bode plots of impedance spectra measured at 25°C for a prototype 
18650-battery consisting of LTO and LAMO at 0, 5, 25, 50, 75, 95, and 100% SOC.  
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     As can be seen in Fig. 4. 8, the absolute values of complex impedance are from 
15 to 25 mΩ in frequency ranging from 0.1 to 1 kHz, where phase angles are close to 
0° at SOC = 5 – 95%.   At SOC = 0 or 100%, the ׀Z׀ remarkably increases with 
deviating phase angles from 0°, indicating that one or the other of the electrodes 
behaves like a polarizable electrode, as seen in Fig. 4. 4.   General observations on 
the impedance spectra are the same as those in Fig. 4. 4, except a high frequency 
region above 500 Hz.   This is better illustrated in Fig. 4. 9.   In illustrating the 
impedance spectra from the data on the ASI for an electrode couple of the LTO and 
LAMO, the values of ׀Z׀ are divided by the active electrode area of 594 cm2 while 
the phase angles are used as observed in Fig. 4. 4.   The data are taken at SOC = 
25% from both Fig. 4. 4 for ASI and Fig. 4. 8 for a prototype 18650-battery.    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. 9 The Bode plots of impedance spectra observed at SOC = 25% for (a) 
prototype 18650-battery and (b) an LTO/LAMO cell in Fig. 4. 4.   In drawing the 
impedance spectra in (b), the ׀Z׀ in the area-specific impedance in Fig. 4. 4 is 
divided by the active electrode area of 594 cm
2
 while the phase angles are used as 
observed. 
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As can be seen in Fig. 4. 9, the phase angles observed for the LTO/LAMO cell in Fig. 
4. 4 are always negative while those observed for the 18650-battery are positive in 
frequencies above 500 Hz, indicative of an inductive component contaminating with 
the electrochemical system.   The inductance observed for the prototype 
18650-battery is derived from a spirally wounded electrode configuration, which 
behaves like a coil.   The electrochemical system does not contain any inductance 
except by an accident.   An electrode configuration together with wiring forms an 
inductance as seen in Figs. 4. 8 and 4. 9.  
 
 
Fig. 4. 10 The absolute values of the complex impedance at 0.1 Hz in Figs. 4. 4 and 4. 
8 as a function of SOC.   In illustrating ׀Z׀ in (b), the ׀Z׀ in the area-specific 
impedance in Fig. 4. 4 is divided by the active electrode area of 594 cm
2
. 
 
 
     If the ASI for an electrode couple of LTO and LAMO is properly measured, 
the calculated values of ׀Z׀ in Fig. 4. 9(b) should be lower than that in Fig. 4. 9(a) 
observed for the prototype 18650-battery.   The observed values are against the 
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above expectation, so that a quantitative description cannot be done at this stage.   
There is enough space to improve a cell for the ASI measurement s under 
consideration.   According to the ASD measurements in Fig. 4. 5, the change in 
thickness of the LAMO electrode is approximately 1.7 μm calculated from 1 
μm/(mAh cm-2) of ASD and 1.65 – 1.75 mAh cm-2 of ASC.   On charge the 
electrode thickness contracts by 1.7 μm and it reverts to the initial state on discharge.   
In order to examine whether or not the change in electrode thickness affects the 
impedance, the ׀Z׀ values observed at 0.1 Hz are plotted as a function of SOC and 
shown in Fig. 4. 10.   Although there seems to be a minimum at SOC = 50% for a 
prototype 18650-battery in Fig. 10(a), it is appropriate to note that the ׀Z׀ value is on 
the whole independent of SOC.   
     It should be noted here that the electrode buckling under pressure or tension 
on charge is not expected for a prototype 18650-battery consisting of the LTO and 
LAMO electrodes because ASD is negative on charge, i.e.,  contraction. 
 
4. 3. 6 Rate-capability of the prototype 18650-battery 
 
Figures 4. 11 and 4. 12 show the results on the rate-capability tests of the 
prototype 18650-battery examined at 25 °C.   On discharge, the battery delivers 
electricity more than 95% of the nominal capacity at 5 A.   In other words, the 
discharge is completed within 12 min for a 1 Ah-18650 battery.   On charge, the 
battery stores electricity in the same manner as that on charge up to SOC = 60% in 
all the currents applied to the battery.   Above SOC = 60% charge capacity 
decreases with increasing the currents, suggesting a mass transport problem on 
charge.   Charging the 18650-battery corresponds to the oxidation of LAMO and 
the reduction of LTO.   Charge and discharge curves of the LAMO and LTO 
electrodes are symmetric when they are examined in zero-volt lithium-ion batteries 
[6], so that a problem may not be derived from the lithium insertion materials of 
LAMO and LTO.   On charge, the concentration of lithium ions in an electrolyte 
solution increases on the LAMO-electrode side with contracting the electrode 
thickness by 1 μm/(mAh cm-2) while a lithium-ion concentration decreases on the 
LTO-electrode side without any change in thickness.   A discharge process is just  
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Fig. 4. 11 Results on the rate-capability tests on a prototype 18650-battery consisting 
of LTO and LAMO examined on discharge at 25°C: (a) 0.2, (b) 0.5, (c) 1.0, (d) 2.0, 
(e) 3.0, (f) 4.0 and (g) 5.0 A. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. 12 Results on the rate-capability tests on a prototype 18650-battery 
consisting of LTO and LAMO examined on charge at 25°C: (a) 0.2, (b) 0.5, (c) 1.0, 
(d) 2.0, (e) 3.0, (f) 4.0 and (g) 5.0 A. 
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the reverse.   As has been discussed in Chapter 1, although it is hard to imagine 
that the contraction and expansion of lithium insertion materials behave like a piston 
to make an electrolyte flow, it is well known that convection is an effective way to 
increase mass transport compared with diffusion [8, 9].   Such an effect may be 
participated in the rate-capability tests in Figs. 4. 11 and 4. 12.    
     Figure 4. 13 shows the polarization curves of a prototype 18650-battery.   
The negative sign in current indicates discharge and positive sign charge.   The 
polarization curves are obtained from the results on the rate -capability tests on 
discharge and charge in Figs. 4. 11 and 4. 12, respectively.   The polarization or 
operating voltages at SOC = 20, 40, 60, and 80%, marked in Figs. 4. 11 and 4. 12, 
are plotted against the current. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. 13 Terminal voltages or polarization potentials of a prototype 18650 -battery 
consisting of LTO and LAMO as a function of applied currents.   Data are taken 
from the rate capability tests in Figs. 4. 11 and 4. 12 at (a) 20, (b) 40, (c) 60, and (d) 
80% SOC of the battery.   The slopes of the solid lines corresponding to the 
internal resistance are (a) 30.3, (b) 30.9, (c) 30.3, and (d) 30.4 mΩ. 
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In Fig. 4. 13, a proper term is the depth of discharge (DOD), but the SOC is used by 
calculating SOC = 100 – DOD.   As seen in Fig. 4. 13, the E vs. I plots show a 
straight line at every SOC.   The terminal voltages at I = 0 are observed to be 2.42 
V at SOC = 20%, 2.48 V at 40%, 2.54 V at 60%, and 2.60 V at 80%, which are 
agreed well with the open-circuit voltage in Fig. 4. 3.   The slope of each line 
corresponds to the resistance one really wants to know, which is calculated to be 
30.4, 30.3, 30.9, or 30.3 mΩ at SOC = 20, 40, 60, or 80%, respectively, by a least 
squares method.   The observed value of 30 mΩ is the internal resistance of the 
prototype 18650-battery, which is slightly larger than ׀Z׀ at 0.1 – 10 Hz, i.e., ca. 25 
mΩ, and about twice compared with ׀Z׀ at 1 kHz, i.e., ca. 15 mΩ, as seen in Fig. 4. 
8.    
 
4. 3. 7 An effect of temperature upon battery performance 
 
In order to examine the effect of temperature upon battery performance, the 
fully-charged battery is discharged at 1.0 A at 0, 25, and 45°C and the results are 
shown in Fig. 4. 14.   General observations are the same as those examined in 
laboratory cells.   Because both the positive and negative electrodes show sharp 
change in voltage at the both ends of charge and discharge, the rechargeable capacity 
does not change as seen in Fig. 4. 14(b) and (c).   At 0°C an increase in 
polarization is observed while the battery delivers electricity more than 95% based 
on the nominal capacity of 1 Ah.   
     Figure 4. 15 shows the charge and discharge curves of the prototype 
18650-battery operated in voltage ranging from 2.0 to 2.8 V at a rate of 0.125 A at 
45°C for 100 cycles.   In illustrating the charge and discharge curves, charge 
capacity is added and the discharge capacity is subtracted in order to cumulate the 
capacity from the first charge, called the cumulated capacity plots.   As seen in Fig. 
4. 15, the charge and discharge curves move toward the right side of the figure, 
suggesting the side reactions as has been discussed in Chapter 3.   In order  to 
estimate the capacity fading of the 18650-battery at 45°C, the rechargeable 
capacities observed during the 100-cycle tests are plotted as a function of time and 
shown in Fig. 4. 16.   The rechargeable capacity linearly decreases as a function of 
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time.   By applying a least squares method, the rechargeable capacity Q in mAh is 
given by Q = 1001.1 – 0.02192 t, in which t is time in h.   According to the 
equation, the capacity fades 20% after one year of operation at 45°C.   In other 
words, the difference in the rates of side reactions between the positive and negative 
electrodes is 21.93 μA, which is always exerted except a discharge state of the 
battery. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. 14 The effect of temperature upon the discharge curves of a prototype 
18650-battery consisting of LTO and LAMO examined at 1 A at (a) 0, (b) 25, and (c) 
45°C. 
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Fig. 4. 15 Charge and discharge curves of a prototype 18650-battery consisting of 
LTO and LAMO examined continuously in voltage ranging from 2.0 to  2.8 V at 
0.125 A at 45°C for 100 cycles.   The curves are illustrated in such a way that the 
capacity on charge is positive and the capacity on discharge is negative from the first 
charge and the capacities are cumulated. 
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Fig. 4. 16 The rechargeable capacity as a function of time for a prototype 
18650-battery consisting of LTO and LAMO examined continuously in voltage 
ranging from 2.0 to 2.8 V at 0.125 A at 45°C.   The rechargeable capacity linearly 
fades as a function of time t in h, giving an equation of Q = 1001.1 – 0.02192 t by a 
least squares method. 
 
 
4. 3. 8 Twelve-volt batteries consisting of LTO and LAMO 
 
     As have been described above, the LTO/LAMO cell shows excellent 
performance in terms of rate-capability, cycle-ability, and “the rough use tolerance”.   
The prototype 18650 batteries, however, are too small in  size to convince one-self of 
these excellence.   In order to examine whether or not these excellent performance 
is true, single cells are scaled up and the twelve-volt batteries [10, 11] in which five 
cells consisting of LTO and LAMO are connected in series are fabricated and 
examined because only 12-V lead-acid battery is available in market for consumer 
uses.   
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     The materials and electrodes are the same as described in 4. 2. 1 except 
composition and dimensions of the electrodes.   The LAMO-positive electrode 
consists of LAMO:AB:PVdF = 100:3:3 by weight and the LTO-negative electrode of 
LTO:AB:PVdF = 100:3:5.   The separator used is a micro-porous polyethylene 20 
μm thick.   The electrolyte is 1 M LiPF6 ethylene carbonate (EC)/ethyl methyl 
carbonate (EMC)/dimethyl carbonate (DMC) (3/3/4 by volume) solution.   A single 
cell is a cylindrical cell having 32 mm in diameter and 122 mm in height, so -called 
long-long D size cell abbreviated LLD hereafter.   The positive and negative 
electrodes are 126 and 106 μm in thickness, respectively, which include aluminum 
foil 15 μm thick.   The geometrical electrode areas in a LLD cell are calculated to 
be 2047 cm
2
 for a positive electrode and 2334 cm
2
 for a negative electrode, so that 
the active electrode area is 2047 cm
2
.   The weight of LAMO loaded on the 
electrode is 29.1 mg cm
-2
 and that of LTO is 19.3 mg cm
-2
.   The fresh cells are 
first charged at 1.16 A for 2 h and discharged to 2 V, which is repeated twice, and 
then the batteries are cycled at 1.16 A in voltage ranging from 2.0 to 2.7 V for two 
times.   After discharge to 2.0 V, the batteries are charged to 2.7 V successively at 
1.16, 0.58, and 0.29 A with a 20 min-rest period after each charge to 2.7 V.   The 
fully charged cells are stored or aged for a week at room temperature before battery 
testing. 
     To fabricate the twelve-volt prototype battery, five LLD-cylindrical batteries 
are connected in series using Ni lead (5 mm in width and 0.2 mm in thickness) .   A 
single prototype LLD-cylindrical cell is 211 g in weight and 98.1 cm
3
 in volume.   
The charge and discharge tests of a prototype LLD-cylindrical cell are continuously 
performed at 5.8 A in voltage ranging from 0 to 2.9 V at 25°C.   The charge and 
discharge curves observed from the 1st to 70th cycle are shown in Fig. 4. 17.   The 
rechargeable capacity observed from the steady-state charge and discharge curves is 
5.8 Ah.   It should be noted that a single cell can be discharged down to 0 V, as 
clearly seen in Fig. 4. 17. 
     A twelve-volt battery consisting of five prototype LLD-cylindrical batteries 
connected in series are 1.06 kg and 0.49 L.   In order to determine the nominal 
capacity of the prototype twelve-volt battery, the battery is continuously operated at 
1.16 A in voltage ranging from 10.0 to 14.8 V at 25°C.   The charge and discharge 
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curves are shown in Fig. 4. 18.   The rechargeable capacity is observed to be 5.8 
Ah, so that the nominal capacity is determined to be 5.8 Ah at a five-hour rate.   As 
clearly seen in Fig. 4. 18, the nominal voltage is determined to be 12 V.   From 
these values, the energy density is estimated to be 150 Wh L
-1
 or 70 Wh kg
-1
.    
      Figure 4. 19 shows the pulse charge and discharge of the prototype 
twelve-volt battery examined at 25°C and 60% SOC.   Before pulse charge and 
discharge, the battery is charged at 1.16 A (0.2 C) until the voltage reaches 12.8 V at 
which constant-voltage charging is applied until the current reduces to 0.1 A (0.017 
C).   The currents applied to the battery are 5.8 A (1C rate), 17 A (3C rate), 29 A 
(5C rate), 58 A (10C rate), 86 A (15C rate), and 115 A (20C rate) for 10 sec on and 
10 min off.   As seen in Fig. 4. 19, the prototype twelve-volt battery delivers and 
accepts the burst of energy input and output.    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. 17 Charge and discharge curves of a prototype LLD (long-long D size) 
battery consisting of LTO and LAMO operated in voltage ranging from 0 to 2.9 V at 
5.8 A for 70 cycles.   The battery is charged at 5.8 A until the voltage reaches 2.9 V 
at which constant-voltage charging is applied until the current decreases to 0.29 A. 
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Fig. 4. 18 Charge and discharge curves of a prototype twelve-volt battery consisting 
five LLD-cylindrical cells connected in series.   The 12-V battery is operated in 
voltage ranging from 10.0 to 14.8 V at 1.16 A.   The battery is charged at 1.16 A 
until the voltage reaches 2.9 V at which constant-voltage charging is applied until 
the current decreases to 0.1 A. 
 
 
 
     Figure 4. 20 shows the polarization curves observed at 60% SOC of a 
prototype twelve-volt battery.   The negative sign in current indicates discharge 
and positive sign charge.   The polarization curves are obtained from the res ults in 
Fig. 4. 19.   The voltage at 10 sec after the current is switched on is plotted against 
the current.   As seen in Fig. 4. 20, the E vs. I plots show a straight line.   The 
slope of the straight line corresponds to the internal resistance, which is calculated 
to be 26.7 mΩ by a least squares method.    
     Figure 4. 21 shows the capability of pulse power for a prototype twelve-volt 
battery at 25°C and 60% SOC.   The power is estimated from the results in Fig. 4. 
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19.   The maximum output power density at 60% SOC for 10 sec is 1120W kg
-1
 or 
2250 W L
-1
.   The maximum input power density at 60% SOC for 10 sec is 1280 W 
kg
-1
 or 2550 W L
-1
.   Both input and output power densities at 60% SOC are more 
than 2000 W L
-1
, which is high enough to apply the twelve-volt batteries to 
automobile applications in addition to the stationary applications based on daily 
cycling.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. 19 The pulse charge and discharge tests of the prototype twelve-volt battery 
at 25 °C and 60% SOC.   Applied current was (a) – 5.8 A (1C rate), (b) + 5.8 A (1C 
rate), (c) – 17 A (3C rate), (d) + 17 A (3C rate), (e) – 29 A (5C rate), (f) + 29 A (5C 
rate), (g) – 58 A (10C rate), (h) + 58 A (10C rate), (i) – 86 A (15C rate), (j) + 86 A 
(15C rate), (k) – 115 A (20C rate) and (l) + 115 A (20C rate) for 10 sec on and 10 
min off.   The negative sign in current indicates discharge and positive sign charge. 
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Fig. 4. 20 Terminal voltages observed at 10 sec after the current is applied to a 
prototype twelve-volt battery consisting of LTO and LAMO as a function of applied 
currents.   Data are taken from the pulse charge and discharge tests in Fig. 4. 19.   
The slope of the straight line corresponds to the internal resistance of 26.7 mΩ. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. 21 Power capability of a prototype twelve-volt battery for 10 sec at 25 °C and 
60% SOC.   Data are taken from the pulse charge and discharge tests in Fig. 4. 19. 
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4. 4 Summary 
 
     The lithium insertion electrodes of lithium titanium oxide (LTO) and lithium 
aluminum manganese oxide (LAMO) are characterized in terms of the area-specific 
capacity (ASC) in mAh cm
-2
, area-specific impedance (ASI) in Ω cm2, and 
area-specific deformation (ASD) in μm/(mAh cm-2).   The prototype 
18650-batteries consisting of the LTO and LAMO electrodes are fabricated and 
examined in their performance in order to verify the basic concepts on the 
characterization of the lithium insertion electrodes.   The rechargeable capacity, 
1.05 Ah, calculated from ASC and the active electrode area agrees with the observed 
nominal capacity of 1.0 Ah.   The impedance estimated from ASI and the active 
electrode area is also agreed well with the observed impedance spectra for a 
prototype battery except a high frequency region due to inductance derived from a 
spirally wounded electrode configuration.   The prototype twelve-volt batteries are 
also fabricated, examined, and shown to be a promising system for both automobile 
and stationary applications. 
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Concluding Remarks 
 
     The research described herein has been performed during the academic years of 
2010-2012 under the direction of Professor Tsutomu Ohzuku.   Since 1999, the 
high-capacity lithium-ion batteries have been investigated in order to respond to strong 
requirements from mobile-phone users.   The energy density of current lithium-ion batteries 
has already exceeded 250 Wh kg
-1
 or 550 Wh L
-1
 by means of the packing technology, such as 
the use of high-density electrode, thinner separator, and thin copper and/or aluminum foil to 
feed the current throughout the electrodes in batteries.  However, the packing technology 
cannot be used anymore because there is no open space to be improved in quite near future.   
As a matter of fact, it is difficult to change “chemistry” associated with lithium-ion batteries 
completely because highly advanced industrial technologies have already been available in 
battery manufactures.   Therefore, an introduction of new chemistry to the lithium batteries 
is presently limited to the analogous systems based on graphite-negative and LiCoO2-positive 
electrodes.   An application of LiCo1/3Ni1/3Mn1/3O2 and/or LiAl0.05Co0.15Ni0.8O2 to the 
positive-electrode materials substituting for LiCoO2 in lithium-ion batteries together with an 
introduction of higher charge-end voltage than 4.2 V combined with safety technology to the 
“high-voltage” lithium-ion batteries is an example on the improvements of battery capacities 
and consequently energy densities along this line.   In order to attain such high-energy 
lithium-ion batteries, specially designed micro-porous membranes are used in advanced 
lithium-ion batteries and also each battery is strictly controlled by sophisticated battery 
management systems (BMS).   Therefore, an application of the lithium-ion batteries is 
limited to advanced electronic devices and their relatives in a small size, because of the lack 
of “the rough use tolerance”.   In order to cope with the problem on the rough use tolerance 
of lithium-ion batteries, a series of trials has been undertaken and summarized in this thesis.    
 
     In Chapter 1, separators have been examined and summarized.   When specially 
designed precious micro-porous membranes are always needed to fabricate long-life 
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lithium-ion batteries, no hope to extend an application of lithium-ion batteries to 
general-purpose secondary batteries, such as lead-acid batteries.   The LAMO-positive and 
LTO-negative electrodes are selected because both show no limitation of cycle life when a 
single electrode is examined in an appropriate cell, so that capacity fading cannot be expected.   
However, when specially designed micro-porous membranes are used in LTO/LAMO 
batteries, severe capacity fading is always observed.   After several trials, it has been shown 
that this is due to a mass transport problem derived from the combination of the zero-strain 
insertion material of LTO and a specially designed micro-porous membrane.   Diffusivity of 
lithium ions in a specially designed micro-porous membrane is low compared with that in the 
bulk electrolyte and the electrolyte convection due to expansion and contraction during charge 
and discharge of lithium insertion electrodes cannot be expected because of the zero-strain 
insertion material of LTO, resulting in capacity fading.   In order to avoid such a capacity 
fading, a specially designed precious micro-porous membrane is removed and inexpensive 
nonwoven cloth is applied as a separator to the lithium-ion batteries consisting of LTO and 
LAMO.   The effect of the use of nonwoven cloth has been positive with respect to rate 
capability and cycle performance in addition to materials cost.    
 
     In Chapter 2, a method to measure the area-specific impedance (ASI) in Ω cm2 of a 
single lithium insertion electrode has been described.   This can be done using a zero-volt 
lithium-ion battery consisting of the identical lithium insertion electrodes with a symmetric 
parallel electrode configuration (SPEC).   Thus obtained ASI is characteristic of a lithium 
insertion electrode, so that the impedance spectra of a lithium-ion battery consisting of any 
combination of lithium insertion electrodes can be calculated from the active electrode area 
and ASI of each electrode.    
   
     In Chapter 3, a basic concept on the material balance in a lithium-ion battery has been 
described.   When the positive and negative electrodes are proved to be no limitation of 
cycle life in a basic study, the capacity fading is derived from the imbalance in the state of 
charge (SOC) between the positive and negative electrodes.   Because the cell chemistry is 
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so complex to present simple chemical or electrochemical reactions, specific reactions cannot 
be given at present.   However, it is evident that the positive electrode is always reduced by 
an electrolyte including impurities contaminated and the negative electrode is oxidized.   
The rate of a side reaction is measured by using zero-volt lithium-ion batteries with SPEC for 
a positive and negative electrode and evaluated.   According to the analytical results, the 
rates of side reactions are adjustable by examining solvents, impurity, conductive additive, 
separator, and area-specific capacity.   It has been shown that the capacity fades as a 
function of time, not the number of cycles, indicating that self-discharge together with 
calendar life is also derived from the same origin. 
 
     In Chapter 4, prototype 18650 batteries consisting of the LAMO-positive and 
LTO-negative electrodes with cellulose separator have been designed, fabricated and 
examined at 0, 25 and 45°C in order to verify the previous treatment described in Chapters 1 – 
3.    The nominal capacity determined is 1 Ah.   The continuous 200-cycle charge and 
discharge tests at 1 A at 25°C for a prototype 18650-battery without a sophisticated BMS 
show no capacity fading.   The battery can be stored at 0 V and cycled in voltage ranging 
from 0 to 3.5 V.   The impedance spectra of a prototype 18650-battery have been measured 
and compared with the calculated values from the ASI and active electrode area.   The 
observed spectra agree well with the calculated values, indicating that the ASI described in 
Chapter 2 is a powerful tool in studying batteries associated with lithium insertion electrodes.   
The internal resistance of a prototype 18650-battery has also been obtained by a new method 
and the relation between impedance and internal resistance of a battery has been discussed.   
In order to show whether or not the 12-V batteries can be made, the prototype LLD-size 
batteries consisting of the LAMO-positive and LTO-negative electrodes have been fabricated 
and examined.   The 12-V battery consisting of 5 cells connected in series stores and 
delivers electricity as high as 100 A or more than 1 kW kg
-1
 or 2 kW L
-1
, indicating that the 
12-V batteries can be used for both automobile and stationary applications.  
 
     As have been summarized above, the long-life lithium-ion batteries having the rough 
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use tolerance have partly been succeeded by using LTO and LAMO with new concepts on the 
characterization of lithium insertion electrodes.   The scale in capacity of the long-life 
lithium-ion batteries is expected to be 20 – 100 Ah, apart from the current lithium-ion 
batteries combined with BMS and specially designed microporous membranes.   The author 
believes that the basic research results described herein will open a new window toward the 
next-generation secondary batteries in the near future. 
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